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ABSTRACT Human bone marrow (BM) is a tissue of complex architectural organization, which includes granulopoietic loci,
erythroblastic islets, and lymphocytic nodules. Oxygen tension (pO2) is an important determinant of hematopoietic stem and
progenitor cell proliferation and differentiation. Thus, understanding the impact of the BM architectural organization on pO2

levels in extravascular hematopoietic tissue is an important biophysical problem. However, currently it is impossible to
measure pO2 levels and their spatial variations in the BM. Homogeneous Kroghian models were used to estimate pO2

distribution in the BM hematopoietic compartment (BMHC) and to conservatively simulate pO2-limited cellular architectures.
Based on biophysical data of hematopoietic cells and characteristics of BM physiology, we constructed a tissue cylinder
solely occupied by granulocytic progenitors (the most metabolically active stage of the most abundant cell type) to provide
a physiologically relevant limiting case. Although the number of possible cellular architectures is large, all simulated pO2

profiles fall between two extreme cases: those of homogeneous tissues with adipocytes and granulocytic progenitors,
respectively. This was illustrated by results obtained from a parametric criterion derived for pO2 depletion in the extravascular
tissue. Modeling results suggest that stem and progenitor cells experience a low pO2 environment in the BMHC.

NOMENCLATURE

K � oxygen permeability (mol/cm/s/mm
Hg),

KM � Michaelis-Menten constant (mm Hg)
N � number of cell layers

Nmax � maximum number of cell layers
P � oxygen partial pressure (tension) (mm

Hg)
P* � reduced oxygen tension
PS � saturation oxygen tension (mm Hg)
qO2 � specific oxygen uptake rate (mol/cell/

h)
Q(P) � volumetric oxygen consumption rate

as a function of P (mol/cm3/s)
Qmax � maximum volumetric oxygen

consumption rate (mol/cm3/s)
r � distance from the center of the tissue

cylinder (�m)
r* � reduced distance from the center of

the tissue cylinder
R1 � sinus radius (�m)
R2 � tissue cylinder radius (�m)

R2max � maximum tissue cylinder radius (�m)
V� � specific cell volume (cm3/cell)

Greek symbols
� � ratio of sinus radius to tissue cylinder

radius
�min � minimum ratio of sinus radius to

tissue cylinder radius
� � Thiele modulus

�� � modified Thiele modulus
� � ratio of saturation oxygen tension to

Michaelis-Menten constant

INTRODUCTION

Variations in oxygen concentration (or oxygen partial pres-
sure, pO2) in different tissues have both physiological and
pathophysiological implications (Brizel et al., 1999; Carme-
liet and Jain, 2000; Hansen-Algenstaedt et al., 2000; Leunig
et al., 1992; Roh et al., 1991; Vaupel and Hoeckel, 1999).
Oxygen tension distribution in a wide range of tissues has
been both measured and modeled extensively in the context
of understanding the physiological function of a tissue and
associated pathophysiologies. Oxygen tension is an impor-
tant determinant of proliferation and differentiation of he-
matopoietic cells. Reduced oxygen tension (pO2 � 38 mm
Hg, 5% O2) has been shown to enhance the production of
erythroid, megakaryocytic, and granulocytic-monocytic
progenitors in vitro (Bradley et al., 1978; Katahira and
Mizoguchi, 1987; Koller et al., 1992; LaIuppa et al., 1998).
The formation of mature erythrocytes and megakaryocytes
is more extensive under a pO2 value of 152 mm Hg (20%
O2) (LaIuppa et al., 1998; Mostafa et al., 2000), which is in
contrast to greater production of differentiated granulocytes
under 5% O2 (Hevehan et al., 2000). These results are
consistent with findings that progenitor cells of most hema-
topoietic lineages proliferate more rapidly in the regions
farther away from the sinuses, and that mature erythrocytes
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and megakaryocytes are found primarily in the proximity of
the sinuses, while granulocytes mature away from the si-
nuses (Weiss, 1991). It is important to understand the pos-
sible variations of pO2 in the bone marrow hematopoietic
compartment (BMHC) (the extravascular space for blood
cell production) and how these variations might be affected
by the various possible cellular arrangements (referred to as
“architectures” in this and the companion paper).
Despite the crucial role played by oxygen in the prolif-

eration and differentiation of hematopoietic cells, reported
pO2 measurements in the BMHC remain very limited. The
reported mean pO2 in the BM is�52 mm Hg (Ishikawa and
Ito, 1988), which is similar to the average pO2 values of
other normal tissues. However, there have been no spatial
pO2 measurements in the BMHC. Unlike other tissues
(Helmlinger et al., 1997), direct in vivo measurements of
pO2 spatial variations in the BMHC are at present practi-
cally impossible. Thus, detailed modeling is the only avail-
able means to provide such estimates.
Krogh’s model (Krogh, 1918), whereby the tissue is

approximated by a cylinder with a single capillary at its
center, has been well established and extensively used in
modeling oxygen transfer through different types of tissues,
including skeletal muscle (Krogh, 1919; Thews, 1960),
myocardium (Grunewald and Sowa, 1978; Hoofd et al.,
1987; Rakusan, 1971; Rakusan et al., 1984), brain (Ivanov
et al., 1979; Reneau et al., 1967), lung (Weibel, 1984), and
skin (Grossmann, 1982). Compared to other tissues, math-
ematical modeling of pO2 distribution in the BMHC is more
challenging due to the presence of multiple cell types and
the complexity of cellular architectures. The diversity of
hematopoietic cell types in the BM is reflected in their
cellular compositions, sizes, and functions, which in turn
affect oxygen consumption and transport properties. There-
fore, the estimation of biophysical parameters is particularly
important in obtaining reliable estimates from any biophys-
ical-transport models.
Physically supported by vascular structures and stromal

cells (such as adventitial reticular cells and endothelial
cells), totipotent stem cells proliferate and differentiate to
form less primitive pluripotent stem cells, which are the
precursors of more differentiated cells of the myeloid and
lymphoid lineages (Lichtman, 1984). Hematopoietic stem
cells appear at a very low frequency in the BM, and the
number of progenitor cells increases with the stage of mat-
uration. From micrographs of the BMHC, as few as 4 to 8
to as many as 16 to 20 cells can be found tightly packed
between two sinuses (Erslev and Weiss, 1983; Lichtman,
1984; Weiss, 1976). Therefore, many hematopoietic cells
are 2 to 10 cell diameters away from the closest sinus. These
cells are usually arranged in an organized fashion in the
BMHC (Adler, 1984; Lichtman, 1984; Tavassoli and Yof-
fey, 1983; Weiss, 1991; Wickramasinghe, 1975):

1. The most primitive stem and progenitor cells, residing in
the regions most distant from the sinus, move closer to
the sinus lining as they differentiate, with the exception
of granulocytes (in granulocytic loci), which may mature
far from the sinuses (Weiss, 1991);

2. Mature erythrocytes occupy the perivascular space next
to the adventitial surface, while immature erythrocytes
(in erythroblastic islets made up of one to two macro-
phages surrounded by several layers of erythroid progen-
itors and mature erythrocytes; �160 �m in diameter
with the outermost erythroid-cell layer attached to one or
more sinuses) are located mostly away from the sinus
(Weiss, 1991);

3. Lymphocytes are organized in lymphocyte nodules (80–
1200 �m in diameter) between two neighboring sinuses
(Weiss, 1991);

4. Mature megakaryocytes, which may release platelets di-
rectly into circulation through gaps in the sinusoid wall,
are always located next to the sinuses (Wickramasinghe,
1975);

5. Adipocytes usually reside in areas around sinuses at the
center of the bone (yellow marrow), whereas red marrow
(i.e., adipocyte-poor) is mostly localized near the bone
endosteum (Marshall and Lichtman, 1981).

The objective of this study is to provide an estimate of the
pO2 distribution in BMHC and to determine the cellular
architectures that produce the lowest pO2 values. We sim-
ulated pO2 distribution in the BMHC by constructing a
tissue cylinder with a bone marrow sinus at its center,
surrounded by different types of hematopoietic cells. In this
first part of a two-part series we provide estimates for model
parameters for various hematopoietic cell types and then
simulate likely oxygen-limited cellular arrangements, in
which the whole extravascular tissue is composed of one
cell type. By using the homogeneous Kroghian model we
develop a mathematical criterion for the occurrence of ox-
ygen depletion and examine which cell types would produce
the lowest pO2 values. In the second part of this series we
explore different types of more complex non-homogeneous
biophysical-transport models to determine the effects of the
BM cellular architecture (made up of different cell types) on
the pO2 distribution, and compare the results with estimates
developed in the limiting cases of the present homogeneous
Kroghian model.

MATHEMATICAL MODEL

As in other Kroghian models, the following assumptions are
made to simplify mathematical formulation: 1) only steady-
state oxygen transfer is considered; 2) oxygen molecules do
not bind with any carriers or preferentially absorb on certain
parts of the cells; 3) the sinuses are assumed to be straight
and parallel for a length sufficient to establish equilibrium
between the sinus and hematopoietic tissue; 4) oxygen
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consumption and resistance to oxygen diffusion of the tri-
laminar sinusoidal wall are assumed to be insignificant.
Oxygen transport and utilization can be mathematically

described as follows:

K�2P� Q�P� (1)

where K is the effective oxygen permeability (mol/cm/s/
mm Hg), P is the oxygen partial pressure pO2 (mm Hg),
and Q(P) is the volumetric oxygen consumption rate
(mol/cm3/s). K is the product of the oxygen diffusivity
(D, cm2/s) and the oxygen solubility coefficient (�, mol/
cm3/mm Hg). Q is the ratio of the specific oxygen uptake
rate (qO2, mol/cell/h) and the specific cell volume (V� ,
cm3/cell).
Assuming that P in the extravascular tissue depends only

on the radial position (r) relative to the sinus, the oxygen
continuity equation becomes

1
r � ddr �r dPdr�� �

Q�P�

K (2)

We assume that P at the sinus wall (R1) equals the saturation
oxygen tension (PS) and that oxygen flux is zero when it
reaches the boundary of the tissue cylinder (R2) (symmetry
boundary condition). Thus, we write the following two
boundary conditions (Fig. 1).

P� PS when r� R1 (at the sinus wall) (3)

dP
dr � 0 (4)

when

r� R2 (at the outer boundary of the tissue cylinder)

A dimensionless form of the boundary-value problem
is necessary to minimize the number of cases that must be
simulated. We choose the tissue cylinder radius R2 as the
characteristic length and the saturation oxygen partial
pressure PS as the characteristic oxygen tension. We thus
define:

P*� P/PS �dimensionless partial pressure� (5)

r*� r/R2 �dimensionless radius� (6)

R*1 � R1/R2 � � �dimensionless sinus radius� (7)

R*2 � R2/R2 � 1 �dimensionless tissue cylinder radius�

(8)

By multiplying both sides of Eq. 2 by R22/PS we get

1
r*

d
dr* �r*dP*dr*� �

Q�P�

K
R22

PS
(9)

The dimensionless boundary conditions are

P*� 1 when r* � � �at the sinus wall�

(10)

dP*
dr* � 0 (11)

when

r*� 1�at the outer boundary of the tissue cylinder�

The dependence of Q(P) on oxygen tension can take three
different forms: 1) zero-order kinetics,

Q�P� � Qmax (12)

where Qmax is the maximal oxygen consumption rate; 2)
first-order oxygen uptake kinetics,

Q�P� � k � Qmax � P (13)

where k is a constant with units of mm Hg�1; and 3)
saturation-type (Michaelis-Menten) oxygen uptake
kinetics,

Q�P� �
QmaxP
KM � P (14)

where KM is the oxygen affinity constant.
For simplicity, we will consider only zero-order kinet-

ics for the oxygen consumption rate because oxygen
profiles obtained using different kinetics deviate 	5%
from the estimates using the zero-order kinetics (data

FIGURE 1 Graphical representation of the Kroghian model.
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not shown). In the case of zero-order kinetics, Eq. 2
becomes

1
r*

d
dr* �r*dP*dr*� �

Qmax
K
R22

PS
� �2 (15)

where the Thiele modulus

� � R2�QmaxK � PS
. (16)

The solution to the dimensionless boundary value problem
is

P*� 1� �2�r*2 	 �2

4 �
1
2 ln� �

r*�� (17)

This expression is known as the Krogh-Erlang equation
(Krogh, 1919).
Because the number of possible cellular architectures

in the BMHC is very large, it is not practical to individ-
ually simulate each of them to examine situations of low
pO2 or oxygen depletion. We can, however, develop a
mathematical criterion for oxygen depletion from Eq. 17.
Oxygen depletion occurs when pO2 at the boundary of
the tissue cylinder becomes zero, that is, when (using Eq.
17)

1� �2�12 	 �min
2

4 �
1
2 ln�min� � 0 (18)

where �min is the minimum ratio of sinus radius to tissue
cylinder radius for which oxygen becomes depleted for a
given cellular architecture. After rearranging, Eq. 18 be-
comes

� �
2

���min
2 	 1� 	 2ln�min

(19)

We are also interested in determining cellular architec-
tures whereby oxygen depletion might occur, where there is
no prior information about the size of the tissue cylinder R2.
Equation 19 cannot be directly used for this purpose be-
cause both � and � depend on R2. This difficulty can be
overcome by multiplying both sides of Eq. 19 with �min to
obtain

�� �
2�min

���min
2 	 1� 	 2ln�min

(20)

where

�� � R1�QmaxK � PS
(21)

For a particular ��, one can solve Eq. 20 to obtain �min.

PARAMETER ESTIMATION

Model parameters are summarized in Table 1 and can be
classified into two groups. System parameters define the
overall framework of the tissue cylinder and change with
the characteristics of the sinus and the cellular arrangement
of the hematopoietic tissue. Cellular parameters describe
oxygen transport and consumption characteristics of various
cell types. Because cellular properties vary with the lineage
and differentiation stage of hematopoietic cells, a range of
values (Table 2) is considered in most cases to establish
possible oxygen-limited situations. Five distinct hematopoi-
etic cell types—erythrocytes, lymphocytes, granulocytes,
megakaryocytes, and monocytes—and adipocytes are con-
sidered in our model.

System parameters

Sinuses are �10–60 �m in diameter, which is larger than
arteriole (�10–30 �m) and venule (12–20 �m) diameters

TABLE 1 Summary of system and cellular parameters and model outputs

Symbol Definition Units

System
R1 Radius of the sinus �m
R2 Radius of the tissue cylinder �m
N Number of layers of different cell types —
PS Saturated oxygen tension mm Hg

Cellular
qO2 Specific oxygen uptake rate mol/cell/h
V� Specific cell volume cm3/cell
Q Volumetric oxygen consumption rate mol/cm3/s
K Effective permeability mol/cm/s/mm Hg
KM Michaelis-Menten or oxygen affinity constant mm Hg

Model Output
P* Reduced oxygen tension —
P*R2 P* at the rim of the tissue cylinder —
R2max Maximum tissue cylinder radius (for P*R2 
 0) �m
Nmax Maximum number of cell layers (for P*R2 
 0) —
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(Lightfoot, 1973; Tavassoli and Yoffey, 1983). For our
models, the sinus radius is conservatively taken to be 5 �m.
The radius of the tissue cylinder (R2) is estimated from the
cellular distance between two neighboring sinuses, which
corresponds to �4–20 cell diameters (Erslev and Weiss,
1983; Lichtman, 1984; Weiss, 1976). Another estimate of
the tissue cylinder radius is the size of a lymphocyte nodule
(80–1200 �m in diameter located between two sinuses), in
which lymphocytes are organized in the human BMHC
(Wickramasinghe, 1975). Our model is used to evaluate the
effects of changes in R2 on pO2 distribution. Oxygen tension
at the sinus wall is expected to be intermediate between
those in arteries (95 mm Hg) and veins (40 mm Hg). A
reported mean pO2 in healthy adult BM is 52 mm Hg
(Ishikawa and Ito, 1988). Because oxygen diffuses from the
sinus to the extravascular hematopoietic tissue, pO2 at the
sinus wall (PS) should be higher than 52 mm Hg. We used
PS � 52 mm Hg for our models as a conservative value for
estimating possible oxygen depletion.

Cellular parameters

Differential cell count data from the literature provide a
range of fractions of individual cell types in the BM (Table
2). Similarly, cell diameters of various types of hematopoi-
etic cells were collected from the literature and combined to
estimate the upper and lower bounds of cell diameters.
Average cell diameters were used in our calculations. Eryth-
rocytes are the smallest and adipocytes are the largest
among all cell types. Megakaryocytes and adipocytes show

much larger variations in size than leukocytes and erythro-
cytes.
The specific oxygen consumption rate (qO2) of granulo-

cytes and monocytes is 2.2 
 10�14 to 6.49 
 10�13

mol/cell/h (Bird et al., 1951; Collins et al., 1998), while that
of human peripheral lymphocytes ranges from 7
 10�16 to
5 
 10�14 mol/cell/h (Guzman Barron and Harrop, 1929;
Hedeskov and Esmann, 1966; Loos and Roos, 1973).
Bishop and Surgenor (1964) reported that qO2 values of
mature erythrocytes and erythroid progenitors are�400 and
100 times lower, respectively, than those of leukocytes. The
oxygen consumption of megakaryocytes was reported to be
as high as that of resting muscle cells (Wintrobe, 1961) (0.1
ml O2/100 g tissue/min; Grunewald and Sowa, 1977). Using
the density of muscle tissue (1.2 g/cm3) and the approxi-
mated volume of megakaryocytes (4.49 
 10�7 cm3/cell),
we obtained 1.44 
 10�12 mol/cell/h as an estimate for the
qO2 value of megakaryocytes. Bottcher et al. (1995) re-
ported that cultured white adipose tissues consume 3.24 

10�13 mol oxygen/cell/h, which we considered as an upper
limit for the qO2 value of marrow adipocytes, because they
are metabolically less active in vivo (Bathija et al., 1979;
Tavassoli, 1974). Michaelis-Menten kinetics describes the
dependence of oxygen uptake rate on pO2 for a wide range
of cell types (Popel, 1989). The KM value of hematopoietic
cells should fall in the reported range of other human cells
(0.17–5.9 mm Hg) (Gnaiger et al., 1995), and it has been
suggested to be�1.5–7.6 mm Hg (Peng and Palsson, 1996).
Thus, using 1–5% of PS as KM, we found that the pO2

TABLE 2 Summary of cellular parameters of individual cell types in the bone marrow hematopoietic compartment. Note
symbols are shown after the parameter value(s)

Granulocytes Monocytes Lymphocytes Erythrocytes Megakaryocytes Adipocytes

Fraction of cells (without adipocytes) (as %) 16.9–100* 0–4.3* 2.5–25* 3.46–37.6* 0–3*† 0‡

Cell diameter (�m) 10–25§ 12–50§ 9–20¶ 6.7–8§ 30–160§ 50–300�

Average cell diameter (�m) 17.5 31.0 14.5 7.35 95.0 175.0
Specific cell volume 
 109 (cm3/cell) 2.8 15.6 1.6 0.208 448.9 2806
Specific oxygen uptake rate 
 1014 (mol/cell/h) 2.2–64.9** 2.2–64.9†† 0.07–5.0‡‡ 0.162–0.649§§ 144¶¶ 32.4��

Volumetric oxygen consumption rate 
 109 (mol/cm3/s) 2.2–64.4 0.4–11.6 0.1–7.1 2.2–8.7 0.89 0.03
Effective oxygen permeability 
 1014 (mol/cm/s/mm Hg) 3.20*** 3.20*** 2.99*** 1.58††† 3.54*** 9.11***
Effective oxygen diffusion coefficient 
 105 (cm2/s) 1.58*** 1.58*** 1.63*** 0.90††† 1.52*** 1.57***

*Custer, 1974; McDonald et al., 1988; Platt, 1979.
†Wickramasinghe, 1975.
‡Fraction of cells is estimated based on hematopoietic marrow only.
§Heilmeyer and Begemann, 1989; McDonald et al., 1988; Wickramasinghe, 1975.
¶Custer, 1974; Heilmeyer and Begemann, 1989; McDonald et al., 1988.
�Marshall and Lichtman, 1981.
**Calculated from Bird et al., 1951, and Collins et al., 1998.
††Monocytes are assumed to have oxygen metabolism similar to granulocytes.
‡‡Guzman Barron and Harrop, 1929.
§§Calculated from Bishop and Surgenor, 1964.
¶¶Calculated from Grunewald and Sowa, 1977, and Wintrobe, 1961.
��Bottcher et al., 1995.
***Values are estimated using Riley’s correlation (Riley et al., 1996) and methods suggested by Dutta and Popel (1995).
†††Experimental data and literature values (Bishop and Surgenor, 1964; Goldstick et al., 1975) instead of the calculated values are used for further
calculations due to the presence of hemoglobin, which was not accounted for in our estimation.
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profiles were fairly similar to those using the zero-order
kinetics (differences were 	5%; data not shown).
Hematopoietic cells are closely packed in the marrow

with the interstitial space filled with extracellular matrix.
Oxygen transport parameters of the extravascular tissue are
estimated as tissue layers embedded with different types of
cells. The transport of oxygen through the cells and inter-
stitial space is considered separately. For oxygen diffusion
through cells, the effective oxygen permeability of hemato-
poietic cells can be approximated based on the composition
of their cellular components. Dutta and Popel (1995) sug-
gested three different methods to compute oxygen perme-
abilities, assuming cellular components are arranged in a
parallel, series, or random manner (Stroeve, 1977). We
estimated oxygen permeability using the oxygen transfer
parameters of lipid and cytosol (Table 3) and the lipid
composition of hematopoietic cells found in the literature
(Table 4). As there is no unique way to estimate the effec-
tive oxygen permeability, we have taken an average of the
values calculated using all three methods (Dutta and Popel,
1995) (Table 4). The results from these calculations indicate
that the permeabilities of all cell types are similar with the
exception of adipocytes, where the permeability is three
times higher than for the other cell types.
The resistance to oxygen diffusion of extracellular

matrix, which usually constitutes 10% of total tissue
volume, can be approximated by the oxygen permeability
of physiological salt solutions (lower than water) (Guy-
ton, 1977). Once oxygen transport parameters of different
hematopoietic cells and interstitial tissue are obtained,
composite effective oxygen permeabilities of extravascu-
lar hematopoietic tissue can be calculated using Riley’s
correlation (Riley et al., 1996), which was developed for
diffusivity of immobilized cell systems. This correlation
indicates that the composite effective parameter is a
weighed average of the cellular and extracellular param-
eters. The K values among different cell types are very
similar, with the exception of adipocytes and erythro-
cytes (Table 2).

RESULTS

Granulocytic progenitors result in the largest
pO2 gradients

To examine the most severely oxygen-limited cases based
on actual BM physiology, we considered cellular architec-
tures made up of granulocytes because they are the most
abundant cell type in the BM (Table 2). Hematopoietic cell
metabolism in culture generally peaks at the progenitor
stage, and then decreases as the cells mature. To evaluate a
range of pO2 distributions we considered the maximum and
minimum qO2 values of granulocytes for progenitors and
mature cells, respectively. Simulated oxygen profiles of
tissue cylinders with different numbers of layers of granu-
locytic progenitors and mature granulocytes are shown in
Fig. 2, A and B, respectively. In general, pO2 in the ex-
travascular tissue would decrease and pO2 gradients would
increase with an increasing Thiele modulus �. As the ratio
of the sinus radius to tissue cylinder radius � decreases, the
pO2 levels in the extravascular tissue decrease considerably.
An increase in the number of cell layers (or tissue cylinder
radius) causes a concomitant decrease in � and increase in
�. Therefore, oxygen availability in the one-layer tissue
cylinder is the highest and the corresponding pO2 gradient is
the smallest among all tissue cylinders (Fig. 2 A). Calcu-
lated oxygen tensions at the rim of tissue cylinders (P*R2),
which are occupied by granulocytic progenitors, indicate
that oxygen depletion would occur when the number of cell
layers is larger than two (Fig. 2 A).
Fig. 2 B represents the pO2 profiles of tissue cylinders

occupied by different numbers of layers of mature granulo-

TABLE 3 Oxygen permeability and solubility values for
cellular components at 37.4°C. Note symbols are shown after
the parameter value

Permeability (mol/
cm/s/mm Hg)

Solubility (mol/
cm3/mm Hg)

Diffusion
Coefficient
(cm2/s)

Water 4.67
 10�14* 1.42 
 10�9* 3.29 
 10�5*
Cytosol 2.80 
 10�14† 1.76 
 10�9‡ 1.59 
 10�5§

Lipid 9.28
 10�14* 6.23 
 10�9* 1.49 
 10�5*

*Dutta and Popel (1995).
†Darnell et al. (1986).
‡Value is 1.24 times the solubility of water at 22.8°C (Dutta and Popel,
1995).
§The cytosol is assumed to be 70% water and 30% proteins.

TABLE 4 Lipid content of hematopoietic cells and estimated
K values of hematopoietic cells using three methods
described by Dutta and Popel (1995). Note symbols are
shown after the parameter value

Cell Type

Lipid Content
(% Dry Cell
Weight)

Permeability (mol/cm/s/mm Hg) 
 1014

Parallel** Series** Stroeve’s†† Average

Granulocyte 7.3%* 3.27 2.95 3.17 3.13
Monocyte 7.3%† 3.27 2.95 3.17 3.13
Lymphocyte 2.6%‡ 2.97 2.85 2.93 2.92
Erythrocyte 1.3%§ 2.88 2.83 2.86 2.86
Megakaryocyte 15%¶ 3.77 3.13 3.57 3.49
Adipocyte �100%� 9.28 9.28 9.28 9.28

*The calculated dry cell weight of a granulocyte is 296 pg and the lipid
concentration is 21.5 pg/cell (Gottfried, 1967).
†The lipid compositions of monocytes and granulocytes are assumed to be
similar.
‡The calculated dry cell weight of a lymphocyte is 435 pg and the lipid
concentration is 11.1 pg/cell (Gottfried, 1967).
§Wintrobe, 1961.
¶We assumed that human megakaryocytes and platelets have similar lipid
compositions (Marcus et al., 1969; Wintrobe, 1961).
�Guyton, 1977.
**Dutta and Popel, 1995.
††Stroeve, 1977.
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cytes. Because the specific oxygen uptake rate of mature
granulocytes is much lower than for granulocytic progeni-
tors (� is smaller), pO2 levels are generally higher and
changes in pO2 throughout the extravascular tissue are
smaller. Oxygen depletion would not occur in an extravas-
cular tissue of mature granulocytes, even if the thickness
was as great as 10 cell diameters (Table 5).

Prediction of oxygen depletion

The occurrence of oxygen depletion in the extravascular
tissue can be predicted from the maximum tissue cylinder
radius R2max that can be supported by a sinus in a certain
cellular architecture. Instead of individually simulating pO2

distribution for tissue cylinders with different numbers of
cell layers, one can readily calculate this value from a plot
of �min versus �� (Fig. 3). In most cellular architectures
considered, the �� values range from 0.001 to 0.1. In this
range, �min is almost directly proportional to ��. The value
of R2min can be obtained by dividing the sinus radius R1 by
�min. If � for a particular cellular architecture is smaller than
�min, then oxygen depletion will occur.

Different hematopoietic cell types result in
distinct pO2 distributions

Oxygen tension distribution in the local BM environment
varies considerably with the type of cells occupying the
extravascular tissue. Based on the properties of hematopoi-
etic cells and the characteristics of a sinus, we calculated the
modified Thiele modulus ��, from which we estimated the
�min value using Eq. 20 (Fig. 3). The maximum tissue
cylinder radii (R2max) for granulocytes, monocytes, lympho-
cytes, erythrocytes, megakaryocytes, and adipocytes that
can be supported by a BM sinus of 5 �m are shown in Table
6. Among all cases considered the R2max value of granulo-

FIGURE 2 Simulated oxygen profiles for (A) granulocytic progenitors
(R1 � 5 �m) and (B) mature granulocytes (R1 � 5 �m) using the
homogeneous Kroghian model. Selected values for � and � are shown in
Table 5. Note that when oxygen depletion occurs, the solution (Eq. 17) to
the continuity equation is no longer valid and Eq. A4 of the Appendix
should be used instead.

TABLE 5 Dimensionless oxygen tensions at the outer
boundary of tissue cylinders (P*R2) occupied by mature and
immature granulocytes (K � 3.20 � 10�14 mol/cm/s/mm Hg,
d � 17.5 �m, PS � 52 mm Hg, and R1 � 5 �m)

� � P*R2

One-layer (R2 � 22.5 �m)
Mature (qO2 � 2.2 
 10�14 mol/cell/h) 0.222 0.081 1
Progenitor (qO2 � 6.49 
 10�13 mol/cell/h) 0.222 0.442 0.9

Five-layer (R2 � 92.5 �m)
Mature (qO2 � 2.2 
 10�14 mol/cell/h) 0.0541 0.335 0.86
Progenitor (qO2 � 6.49 
 10�13 mol/cell/h) 0.0541 1.817 0

10-layer (R2 � 180 �m)
Mature (qO2 � 2.2 
 10�14 mol/cell/h) 0.0278 0.651 0.35
Progenitor (qO2 � 6.49 
 10�13 mol/cell/h) 0.0278 3.536 0

FIGURE 3 �min for various �� values as determined from Eq. 20.
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cytic progenitors is the smallest, while that of adipocytes is
the highest. The maximum number of cell layers that can be
supported by a BM sinus (Nmax) is also the smallest for the
case of granulocytic progenitors. This indicates that granu-
locytic progenitors indeed result in the most severe pO2
gradients among all cellular configurations in the homoge-
neous Kroghian model based on the biophysical data
collected.

DISCUSSION

Severe oxygen limitations

Based on biophysical data of the most metabolically active
hematopoietic cells and the most abundant cell types in the
bone marrow, we have investigated the scenario for the
most severe oxygen limitation in the BMHC by constructing
a tissue cylinder solely occupied by granulocytic progeni-
tors. Although the possible cellular arrangements are nu-
merous, the actual pO2 distribution in the extravascular
hematopoietic tissue should fall between the pO2 profiles of
adipocytes (the lowest � value) and granulocytic progeni-
tors (the highest � value) (Table 6). Using a mathematical
criterion developed from the homogeneous solution of the
Kroghian model, we verified that the greatest pO2 gradients
occur in a tissue cylinder solely occupied by granulocytic
progenitors.

Estimation of model parameters

Specific oxygen uptake rates (qO2) for most hematopoietic
cells have not been reported in the literature, and among the
ones reported, most were measured using old oxygen sens-
ing techniques (Bishop and Surgenor, 1964; Guzman Bar-

ron and Harrop, 1929; Hedeskov and Esmann, 1966; Loos
and Roos, 1973). In addition, the majority of these data were
collected for a composite cell population without clearly
identifying the cellular subgroups present. Also, the oxygen
uptake rates measured in culture can be significantly differ-
ent from those in vivo. The work from our group indicates
that the qO2 values for erythroid progenitors should be
considerably higher than those estimated by Bishop and
Surgenor (1964), and can be as high as those of the granu-
locytic and monocytic lineages (Collins et al., 1998). How-
ever, without further experimental measurements, the orig-
inal estimates were used so that the effect of a wider range
of qO2 on the pO2 profiles could be examined. The depen-
dence of oxygen consumption on pO2 was assumed to
follow zero-order kinetics in all oxygen models developed.
From simulations of pO2 distribution using Michaelis-Men-
ten kinetics and various KM values, we found that KM did
not affect the pO2 distribution significantly unless oxygen
was depleted (data not shown).
Cell volume also contributes considerably to variations in

oxygen availability. For the same qO2 value, the overall pO2
levels in a tissue cylinder solely occupied by small hema-
topoietic cells (Table 2) are always lower than those in
tissue cylinders filled with cells of a larger diameter. Thus,
the maximum tissue cylinder radius without oxygen deple-
tion decreases when the volume of hematopoietic cells is
reduced.
In general, compared to other model parameters, oxygen

permeability (K) has a small influence on pO2 distributions
in the extravascular tissue, primarily due to the much
smaller range of K values. As oxygen permeabilities of most
hematopoietic cells have not been reported in the literature,
we estimated K values by considering the contribution of

TABLE 6 Maximum tissue cylinder radii and maximum numbers of cell layers for various hematopoietic cells (PS � 52 mm Hg
and R1 � 5 �m)

�� �min R2max Nmax

Granulocytes (K � 3.20 
 10�14 mol/cm/s/mm Hg; d � 17.5 �m)
Mature (qO2 � 2.2 
 10�14)* 0.018 0.023 217 �m 12.1
Progenitor (qO2 � 6.49 
 10�13)* 0.098 0.094 53 �m 2.7

Monocytes (K � 3.20 
 10�14 mol/cm/s/mm Hg; d � 31.0 �m)
Mature (qO2 � 2.2 
 10�14)* 7.78 
 10�3 0.011 454 �m 14.5
Progenitor (qO2 � 6.49 
 10�13)* 0.042 0.047 106 �m 3.3

Lymphocytes (K � 2.99 
 10�14 mol/cm/s/mm Hg; d � 14.5 �m)
Mature (qO2 � 7.0 
 10�16)* 4.35 
 10�3 6.5 
 10�3 769 �m 52.7
Progenitor (qO2 � 5.0 
 10�14)* 0.037 0.043 117 �m 7.7

Erythrocytes (K � 1.58 
 10�14 mol/cm/s/mm Hg; d � 7.4 �m)
Mature (qO2 � 1.62 
 10�15)* 0.025 0.031 162 �m 21.2
Progenitor (qO2 � 6.49 
 10�15)* 0.051 0.056 90 �m 11.5

Megakaryocytes (K � 3.54 
 10�14 mol/cm/s/mm Hg; d � 95.0 �m)
Mature (qO2 � 1.44 
 10�12)* 0.011 0.015 335 �m 3.5

Adipocytes (K � 9.11 
 10�14 mol/cm/s/mm Hg; d � 175.0 �m)
Mature (qO2 � 3.24 
 10�13)* 1.32 
 10�3 2.2 
 10�3 2268 �m 13.0

*Units of qO2: mol/cell/h. qO2 generally peaks at the progenitor stage and then decreases as the cells mature. Maximum and minimum reported qO2 values
for each lineage have been assigned to progenitor and mature cells, respectively.

682 Chow et al.

Biophysical Journal 81(2) 675–684



both hematopoietic cells and extracellular matrix to the
resistance of oxygen diffusion in the tissue. The estimates of
cellular oxygen permeability obtained from three different
methods were fairly similar in their magnitudes (Table 4).
The oxygen permeabilities of most hematopoietic cells ex-
cept erythrocytes were also similar (Table 2). For adipo-
cytes, the oxygen permeability is only three times higher
than that of granulocytes and monocytes, even though their
lipid compositions differ by �14-fold.
Oxygen tension at the sinus wall (PS) is another factor

affecting oxygen supply to the surrounding tissue. Changes
in PS result in different � values, and the corresponding
dimensionless oxygen profiles vary as well. However, when
the reduced parameters are converted back to their dimen-
sional form, these changes do not alter the actual gradient of
the pO2 profiles. For example, an increase in PS only causes
an upward shift in overall pO2 profiles. This is because
variations in PS only alter the boundary condition at the
sinus, while the boundary condition at the rim of the tissue
cylinder remains the same.

Model versus cellular complexity

We chose the Kroghian model over other mathematical
frameworks because it is a widely accepted one (Grunewald
and Sowa, 1977). The original Kroghian model deals only
with homogeneous muscular tissue surrounding a capillary.
However, hematopoietic tissue in the BMHC is quite dif-
ferent due to the complexity of cellular architectures and the
heterogeneity in cell types. In reality, hematopoietic cells of
different types can be found in close proximity to one
another, which we fail to address in our current model. To
approximate this physiological feature one should use com-
posite cellular properties or consider an additional spatial
dimension in the oxygen transport model. Modifications
have been made to the Kroghian model to handle these
differences, and these are discussed in the companion paper.

APPENDIX

When oxygen depletion occurs, Eq. 17 cannot describe the oxygen distri-
bution in the BMHC because R2 � R2max. The value of R2max can be
obtained by dividing R1 by �min, which is estimated from Fig. 3 at a
particular �� (calculated using Eq. 20). In the case of three layers of
granulocytic progenitors, R2 and R2max are 57.5 �m and 52.74 �m, respec-
tively (�� � 0.0983 and �min � 0.0948). The oxygen distribution in the
region where r � R2max is zero. For the region R1 	 r � R2max, the
boundary value problem is described by Eq. 2 with boundary conditions
given by Eq. 3 and

dP
dr � 0 when r� R2max (A1)

Similar to Eq. 17, the solution to this modified boundary value problem is

P� PS �
Qmax
K �r2 	 R12

4 �
R2max2

2 ln�R1r �� (A2)

To compare this profile with the previously developed solution (Eq. 17),
we rewrite Eq. A2 as

P*� 1�
R22 � Qmax
PS � K ��r/R2�2 	 �R1/R2�2

4

�
1
2 �
R2max2

R22
ln�R1/R2r/R2 �� (A3)

P*� 1� �2 �r*2 	 �2

4 �
1
2 �R2maxR2 �2ln� �

r*��
(A4)
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