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The role of the cerebral capillaries in acute ischemic stroke: the
extended penumbra model
Leif Østergaard1,2, Sune Nørhøj Jespersen2,3, Kim Mouridsen2, Irene Klærke Mikkelsen2, Kristjana Ýr Jonsdottı́r2,4, Anna Tietze1,2,
Jakob Udby Blicher2,5, Rasmus Aamand2, Niels Hjort2,6, Nina Kerting Iversen2, Changsi Cai2, Kristina Dupont Hougaard2,6,
Claus Z Simonsen2,6, Paul Von Weitzel-Mudersbach6, Boris Modrau7, Kartheeban Nagenthiraja2, Lars Riisgaard Ribe2,
Mikkel Bo Hansen2, Susanne Lise Bekke2, Martin Gervais Dahlman2, Josep Puig8, Salvador Pedraza8, Joaquı́n Serena9,
Tae-Hee Cho10, Susanne Siemonsen11, Götz Thomalla12, Jens Fiehler11, Norbert Nighoghossian10 and Grethe Andersen6

The pathophysiology of cerebral ischemia is traditionally understood in relation to reductions in cerebral blood flow (CBF).
However, a recent reanalysis of the flow-diffusion equation shows that increased capillary transit time heterogeneity (CTTH) can
reduce the oxygen extraction efficacy in brain tissue for a given CBF. Changes in capillary morphology are typical of conditions
predisposing to stroke and of experimental ischemia. Changes in capillary flow patterns have been observed by direct microscopy
in animal models of ischemia and by indirect methods in humans stroke, but their metabolic significance remain unclear. We
modeled the effects of progressive increases in CTTH on the way in which brain tissue can secure sufficient oxygen to meet its
metabolic needs. Our analysis predicts that as CTTH increases, CBF responses to functional activation and to vasodilators must be
suppressed to maintain sufficient tissue oxygenation. Reductions in CBF, increases in CTTH, and combinations thereof can
seemingly trigger a critical lack of oxygen in brain tissue, and the restoration of capillary perfusion patterns therefore appears to be
crucial for the restoration of the tissue oxygenation after ischemic episodes. In this review, we discuss the possible implications of
these findings for the prevention, diagnosis, and treatment of acute stroke.
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INTRODUCTION
The pathophysiology of cerebral ischemia is traditionally under-
stood in relation to specific cerebral blood flow (CBF) thresholds.
The term ischemia (from Greek: isch—restriction; aimı́a—blood)
therefore refers to a reduction in CBF that causes the cessation of
neuronal electrical activity in experimental ischemia and the
sudden appearance of focal neurologic symptoms in patients. The
corresponding CBF threshold is B20 mL/100 mL per minute, both
in humans and across a number of animal species.1 Below CBF
levels of 8 to 12 mL/100 mL per minute, oxygen supplies no longer
suffice to fuel vital cell functions such as the maintenance of ion
homeostasis across cell membranes, and brain tissue therefore
suffers permanent damage, infarction, within minutes.2 At CBF
values above this level, ischemic tissue may survive for several
hours and regain function if CBF is normalized. Such impaired, yet

salvageable tissue is referred to as the ischemic penumbra3,4 and
characterized by elevated oxygen extraction fraction (OEF).4 The
concept of an ischemic penumbra that can be salvaged by early
vessel recanalization has been highly successful in that placebo-
controlled trials have shown a reduction in neurologic deficits in
acute stroke patients treated by intravenous recombinant tissue
plasminogen activator during the first hours after symptom
onset.5–8

Resting CBF in human gray matter is in the range of 40 to
70 mL/100 mL per minute and the etiology of ischemic stroke is
therefore linked to conditions that can cause significant reduc-
tions in regional CBF. Before the stroke, most stroke patients have
had combinations of large-vessel stenoses, small vessel disease
(SVD), and a propensity to form either cardiac emboli or arterial
thrombi in relation to atherosclerotic lesions9—see Figure 1.
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Moreover, the normal regulation of CBF to meet the changing
metabolic needs of brain tissue is often disturbed in conditions
that predispose to stroke, such as aging, hypertension, diabetes,
and hypercholesterolemia.10 This condition, neurovascular
dysfunction, is characterized by the suppression of the normal
CBF increases during neural activity, and it is seemingly caused by
the production of superoxide anions at the level of the vascular
endothelium.10,11 The superoxide anions form reactive oxygen
species (ROS) and react with nitric oxide (NO) to form
peroxynitrite.12 The resulting NO depletion disrupts the normal
regulation of vessel tone, while peroxynitrite disturbs smooth
muscle cell contractility13 and inactivates tissue plasminogen
activator.11 In addition, the depletion of NO and the increased
production of ROS initiate a proinflammatory state in the vessel
wall, characterized by platelet aggregation, leukocyte adhesion to
the vascular endothelium, and vascular wall remodeling and
damage.14,15 While the origin of neurovascular dysfunction
remains unknown, this phenomenon is considered to be an
early, critical feature in the development of the vascular wall
damage in both atherosclerosis and SVD, and in the increased
thrombogenicity that ultimately leads to acute stroke.16

Changes in vascular morphology and function before the
development of stroke are not limited to blood vessels that affect
CBF. In fact, the morphology and function of cerebral capillaries

undergo profound changes both in conditions that predispose to
stroke (see Table 1 and references therein) and during cerebral
ischemia17—see Figure 1. The role of these capillary changes in
the etiology and the pathophysiology of stroke remains uncertain.
In theory, widespread capillary embolisms or pericyte constric-
tions18,19 could block the passage of blood and explain the
occasional lack of tissue reperfusion after recanalization therapy—
the ‘no-reflow phenomenon’. Before stroke, however, the changes
listed in Table 1 are all characteristic of perfused capillaries and
would therefore be expected to disturb, rather than block, the
passage of erythrocytes. Capillary flow patterns have been
speculated to affect local oxygen delivery,20 and according to
studies by direct microscopy in animals,21,22 and by perfusion
magnetic resonance imaging in human stroke,23–25 capillary flow
patterns do undergo profound changes in cerebral ischemia.

Increases in capillary transit time heterogeneity (CTTH) were
recently shown to reduce the maximum achievable OEF (OEFmax)
for a given CBF and tissue oxygen tension.26 This effect is caused
by an increasing proportion of erythrocytes passing through the
capillary at transit times too short to permit proper oxygen
extraction. Due to this effective ‘arteriolo-venular shunting,’
disturbances in capillary flow patterns can affect the way in
which CBF can support the metabolic needs of brain tissue.
Accordingly, disturbances in the capillary bed could contribute
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Figure 1. Vascular changes in conditions that predispose to stroke. The figure illustrates the three levels at which the vascular system is
affected in conditions predisposing to stroke. The schematic drawing is modified from a figure by Lanza and Crea.111 At the level of conduit
vessels (A), blood flow can be restricted by atherosclerotic lesions (red arrow). At the level of resistance vessels (B), small vessel disease causes
thickening of the vessel wall (red arrows). More peripherally, the capillary wall undergoes morphological changes, such as thickened basement
membrane, pericapillary fibrosis, and pericyte loss in aging and a number of conditions predisposing to stroke (A, right)—see also Table 1.
Images from Farkas et al.112 Ischemia can induce irreversible constrictions of capillary pericytes (B, right) and thereby disturb capillary flow
patterns—from Yemisci et al.18

Table 1. Changes in capillary wall morphology in conditions known to predispose to stroke

Risk factor Changes in capillary morphology Reference

Aging Variable capillary diameters, increased tortuosity, twisting, and looping of capillaries. Thickening basement
membranes with inclusions. Pericapillary fibrosis. Pericyte loss (human)

101

102

Hypertension Pericyte degeneration, swelling of endothelium, and surrounding astrocyte endfeet. Thickened basement
membrane (animal models)

103

104

Diabetes Loss of pericytes and thickening of capillary basement membrane (animal models).
Thickening of basement membrane (humans)

104,105

106,107

Smoking Endothelial cell damage, subendothelial edema (peripheral arterial and arteriolar endothelium) 108

Alcoholism Swelling of pericapillary astrocytic endfeet 109

Prior stroke Pericyte constrictions (animal models) 18,110
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to the abnormal CBF responses observed in neurovascular
dysfunction and to the metabolic derangement in the ischemic
penumbra, where tissue survival depends on effective oxygen
extraction to compensate for the reduced perfusion.4

In this review, we use the extended model of tissue oxygen
availability26 to analyze how the coupling of CBF to the metabolic
needs of the tissue changes as a result of disturbances in capillary
transit time patterns. We assume that the changes in capillary
morphology listed in Table 1 give rise to increases in CTTH and
then derive how CBF must be adjusted to secure the metabolic
needs of brain tissue:

� For moderate increases in CTTH, OEFmax decreases. CBF levels
must therefore increase to meet the metabolic needs of the
tissue.

� For larger increases in CTTH, OEFmax becomes critically low
during increases in CBF. As a result, tissue oxygen tension
decreases, and normal CBF responses must be attenuated to
permit a more efficient oxygen extraction.

� CTTH can reach a critical threshold, at which the metabolic
needs of resting brain tissue can no longer be met by
compensatory changes in CBF. The CBF level that provides
optimal oxygenation at this CTTH threshold is 21 mL/100 mL per
minute—similar to the ‘classical’ ischemic CBF threshold.

We then discuss these model predictions in relation to the
possible origins of neurovascular dysfunction and acute stroke
symptoms, and in relation to the prevention, diagnosis, and
treatment of acute stroke.

THE RELATION BETWEEN CBF AND TISSUE OXYGEN
AVAILABILITY: THE ROLE OF CAPILLARIES AND BLOOD
The relation between CBF and the availability of oxygen in brain
tissue is traditionally derived from work by Christian Bohr,
Seymour S Kety, Christian Crone, and Eugene M Renkin.27 The
formalism, now referred to as the ‘flow-diffusion’ or ‘Bohr–Kety–
Crone–Renkin’ (BKCR) equation, uses the extraction properties for
freely diffusible substances, as they pass through single capillaries,
to describe the entire tissue.27 This generalization assumes,
however, that all capillaries within a given tissue volume are
identically perfused. This precondition is rarely met in tissue: for
example, the flux of erythrocytes through cortical brain capillaries
is highly inhomogeneous during rest.28–30 David Chesler, coauthor
of a study on the effects of capillary flow heterogeneity on tissue
outcome after acute ischemic stroke in humans,23 first noted that
for a given CBF, the BKCR equation for single capillaries predicts
that the introduction of any degree of heterogeneity of capillary
flows will lead to a reduction in tissue oxygen availability
compared with the BKCR equation’s predictions for tissue.23

Figure 2 illustrates how the heterogeneity of erythrocyte
velocities, which occurs either naturally or as a result of
disturbances in the capillary wall or in blood cell morphology,
can reduce the extraction of oxygen from blood. As illustrated by
the figure, both white blood cell (WBC) and erythrocyte
dimensions exceed the average capillary diameter, and these
cells must therefore undergo deformation to enter and pass the
capillaries. Changes in the size, number, and endothelial adhesion
of blood cells are known to affect the distribution of erythrocyte
flows across the capillary bed.31 Both low-grade inflammation and
infections increase the adhesion among blood cells and
endothelium and the viscosity of leukocyte cytoplasm. This has
been shown to disturb capillary flow patterns and lead to
‘shunting’ of erythrocytes through the capillary bed.31

Meanwhile, the shedding of the arteriolar and capillary
endothelial glycocalyx in inflammation has been shown to
change capillary resistance and microcirculatory hemodynamics.32

These conditions would therefore be expected to increase to the

level of CTTH for erythrocytes and reduce the efficacy of oxygen
extraction by the tissue.

THE EXTENDED BKCR EQUATION
The BKCR equation was recently extended to take the CTTH of
erythrocytes into account. The model is described in detail in
Jespersen and Østergaard26 and briefly summarized here: the
model consists of (1) a probability density function (PDF) h(t) to
describe the distribution of capillary transit times and (2) an
expression QðtÞ to describe the extraction of oxygen for a single
capillary with transit time t. QðtÞ is analogous to the BKCR
equation, except that is takes the oxygen binding properties of
oxygen and the tissue oxygen concentration into account. From
these two expressions, OEFmax for the entire capillary bed can be
obtained by summing the single capillary contributions, weighted
by their transit time distribution,

OEFmax¼
Z1

0

dt hðtÞQðtÞ ð1Þ

We followed earlier work33 and approximated the PDF of
capillary transit times by a gamma variate function with shape
parameters a and b, h(t, a, b). The hemodynamics of tissue is
characterized by these two parameters, noting that the capillary
mean transit time, MTT, equals ab while CTTH is quantified by the
standard deviation of capillary transit times,

ffiffiffi
a
p

b. We recall that
MTT equals CBV/CBF,34 where CBV is the capillary blood volume.

To model QðtÞ, we considered a three-compartment model
consisting of tissue, blood plasma, and hemoglobin and assumed
that the current of oxygen across the capillary membrane is
proportional to the difference between plasma oxygen concen-
tration (Cp) and tissue oxygen concentration (Ct). The differential
equation for total oxygen concentration C as a function of the
fractional distance x 2 ½0; 1� along a capillary with flow f and
volume V then reads35,36

dC
dx
¼ � kV

f
ðCp� CtÞ ð2Þ

assuming steady state (@C/@t¼ @Ct /@t¼ 0), and equal forward
and reverse rate constants k. Note that the capillary transit time t
is identical to V/f.

The binding of oxygen to hemoglobin was approximated by the
phenomenological Hill equation:

CB¼ B
Ph

Ph
50þ Ph

ð3Þ

where CB is the concentration of bound oxygen, B¼ 0.1943 mL/mL
is the maximum amount of oxygen bound to hemoglobin, P is
oxygen partial pressure in plasma, P50¼ 26 mmHg is the oxygen
pressure required for half saturation, and h¼ 2.8 is the Hill coefficient.

Neglecting the contribution of plasma oxygen to the total
oxygen content (CB � C), Equation (2) then yields a general
equation for oxygen concentration as a function of the normalized
distance x along a capillary with transit time t35,36

dC
dx
¼ � kt aHP50

C
B� C

� �1/ h

� Ct

 !
ð4Þ

where aH ¼ 3:1�10� 5mmHg� 1.35

We note that the single capillary BKCR equation, given by
the familiar exponential expression CðxÞ¼ Cð0Þ expð� ktxÞ27,37

generalizes to

aHP50ktxþ CðxÞ1� 1/ hB1/ h
2F1 1� 1/ h; � 1/ h; 2� 1/ h;

CðxÞ
B

� �
/

ð1� 1/ hÞ¼ constant
ð5Þ

Oxygen availability in acute stroke
L Østergaard et al

637

& 2013 ISCBFM Journal of Cerebral Blood Flow & Metabolism (2013), 635 – 648



when one models the extraction of hemoglobin-bound oxygen by
tissue with a fixed oxygen tension. The constant on the right-hand
side is determined by the initial value, Cð0Þ¼ CA and 2F1 is a
hypergeometric function.38 For a given tissue oxygen tension Ct,
the differential Equation (4) was solved to yield the single capillary
extraction fraction Q¼ 1–C(1)/C(0) as a function of kt.

Finally, for a steady-state condition characterized by a certain
tissue oxygen tension PtO2, MTT, and CTTH, the corresponding
OEFmax can be determined from

OEF max ¼
Z1

0

dt
1

baGðaÞ t
a� 1e� t/bQðktÞ

¼
Z1

0

dy
1

ðkbÞaGðaÞ ya� 1e� y/ðkbÞQðyÞ ð6Þ

with k as the only unknown parameter. We fixed to k¼ 118/
second to yield a resting OEFmax¼ 0.3 for transit time data
reported in Stefanovic et al.39

The upper limit on cerebral metabolic rate of oxygen is now
given by CMRO2

max¼ CBF� Ca�OEFmax, where the arterial
oxygen concentration Ca was set to Ca¼ 19 mL/100 mL. To
express CBF in terms of MTT in this relation, we assumed CBV
to remain constant (1.6 mL/100 mL) during changes in CBF,
and therefore for capillary transit times to be inversely
proportional to CBF.26

As a consequence of the dependence of OEFmax on
capillary transit time patterns, changes in CTTH alter the
effective capillary surface area available for diffusion considerably.
The apparent permeability-surface area product PS can
be determined from OEFmax by using the expression
PS¼ � CBF lnð1�OEFmaxÞ.26

CBF

A

B

C
M

R
O

2m
ax

erythrocytes
white blood cell

Figure 2. Classical Bohr–Kety–Crone–Renkin (BKCR) flow-diffusion relation for oxygen. The classical BKCR curve shows the maximum amount
of oxygen that can diffuse from a single capillary into tissue, for a given flow CMRO2

max. The curve shape predicts three important properties of
CMRO2

max parallel-coupled capillaries: first, the curve slope decreases toward high perfusion values, making vasodilation increasingly inefficient
as a means of improving tissue oxygenation toward high perfusion rates. This property is reflected at the macroscopic level in that CBF
increases are generally several-fold larger than the corresponding increase in oxygen utilization.113 The resulting blood ‘hyperoxygenation’ is
thought to explain the blood oxygen level-dependent (BOLD) contrast mechanism.114 Second, if erythrocyte flows differ among capillary
paths (case B) instead of being equal (case A), the net tissue oxygen availability declines. This is seen by using the BKCR curve to determine the
net tissue oxygen availability resulting from the individual flows in case (B). The resulting net tissue oxygen availability is the weighted
average of the oxygen availabilities for the two flows, labeled B in the plot. Note that the resulting tissue oxygen availability will always be less
than that of the homogenous case, labeled A. Conversely, homogenization of capillary flows during hyperemia has the opposite effect, and
serves to compensate for the first property. Third, if erythrocyte flows are hindered (rather than continuously redistributed) along single
capillary paths (as indicated by slow-passing white blood cell (WBC) and rugged capillary walls) upstream vasodilation is likely to amplify the
redistribution losses, as erythrocytes are forced through other branches at very high speeds, with negligible net oxygenation gains. CBF,
cerebral blood flow; CMRO2

max, cerebral metabolic rate of oxygen.
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METABOLIC EFFECTS OF CTTH CHANGES UNDER
PHYSIOLOGIC CONDITIONS—AND IN DISEASE
The extended BKCR equation predicts that the observed
homogenization of capillary transit times observed during
cortical activation40 and hypercapnia41 is in fact crucial to
maintain efficient oxygen extraction during the accompanying
increase in CBF. While the metabolic effects of reduced CBF in
ischemia are well described, the additional effects of changing
capillary flow patterns on cerebral oxygen availability before,
during, and after suffering an acute stroke, remain unknown.
Below, we used the extended BKCR equation to model this
phenomenon, and refer to a condition of (1) elevated CTTH and

(2) inability to homogenize capillary flows during episodes of
increased CBF as capillary dysfunction. The top panel in Figure 3
shows the starting point of the analysis, namely the gradual
increase in CTTH over time which we predicted to accompany
aging and other conditions predisposing to stroke. The
hemodynamic adaptations that are necessary to compensate
for this CTTH increase to maintain sufficient tissue oxygen
availability are then described according to three characteristic
stages. Finally, we discuss these stages with respect to the
vulnerability of tissue to reductions in CBF, to increases in CTTH,
and to incomplete restoration of arterial and capillary flow
patterns after recanalization therapy.

+50 %
CTTH

rest

activation

-100 %

Stage 1.Hyperemia Stroke Prone State

+200 %

0 % time

time

-50 %
+30 %

-30 %

ΔOEFmax

rest

activation

+150 %

time

time

-30 %

+20 %
ΔCBF

rest

activation

+20 %

-30 %
Neurovascular dysfunction
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Resting hypoperfusion
time
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+20 %

-30 %

ΔPtO2
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HIF-1  up-regulation + inflammation.

ROS production and elevated thrombogenicity

time

time
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ΔCMRO2
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Resting CMRO2

time

Reduced Cerebrovascular Reserve Capacity
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Capillary dysfunction

Figure 3. Changes in cerebral blood flow (CBF) and tissue oxygen tension that must accompany increasing levels of capillary dysfunction
to maintain tissue oxygen availability before stroke. The figure displays the adaptations of CBF (second panel from the top) and PtO2
(third panel from the top) that are necessary to maintain tissue oxygen availability as capillary transit time heterogeneity (CTTH) levels
(top panel) gradually increase, both during rest (upper graph in each panel) and during functional activation (lower graph in each panel).
These changes are hypothesized to occur in relation to conditions that predispose to stroke—cf. Table 1—years before symptoms
develop. The most important hemodynamic change occurs toward the end of Stage 1 when the increase in tissue oxygen
availability during hyperemia is no longer sufficient to meet the metabolic needs of the tissue. Therefore, vasodilation during episodes of
increased metabolic demands must be attenuated. This transition is hypothesized to mark the onset of neurovascular dysfunction, and
of increased oxidative damage due to the accompanying release of reactive oxygen species (ROS). Later, vasodilation induced
during rest must also be attenuated to maintain tissue oxygen availability above the needs of resting tissue. This is hypothesized to mark
the onset of detectable reductions in cerebrovascular reserve capacity. As CTTH continues to increase, oxygen availability can be secured
by attenuated CBF responses and more efficient blood-tissue concentration gradients—see text. This results in increasing maximum
oxygen extraction fraction (OEFmax) values. The gradual reduction in metabolic reserve capacity is indicated in the lower panel:
As CTTH increases, net oxygen extraction is increasingly limited by CBF as the oxygen extraction fraction approaches unity. In the
stroke prone state, minor reductions in CBF or increases in CTTH are therefore predicted to result in neurologic symptoms as maximum
cerebral metabolic rate of oxygen (CMRO2

max) approaches the actual, metabolic needs of the tissue. HIF-1, hypoxia-inducible
transcription factor 1.
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STAGE I. INCREASED CTTH REDUCES OXYGEN EXTRACTION.
TO COMPENSATE, CBF MUST INCREASE
Figure 4 illustrates how the hemodynamics of erythrocytes and
the tissue oxygen tension, PtO2, affect the extraction of oxygen
from blood. According to the extended BKCR equation,26 the
extraction of oxygen from the capillary bed is determined partly
by the MTT for erythrocytes across all capillaries and partly by the

heterogeneity of these transit times, CTTH. Recall that CTTH is
parameterized by the standard deviation of a gamma variate
capillary transit time distribution throughout the manuscript26 and
that MTT is given as the ratio of the CBV to CBF. The diagonal
arrows in Figures 4A and 4B indicate typical measured changes in
MTT and CTTH during functional hyperemia.26 The combined
reductions in MTT and CTTH during functional hyperemia appear
to be crucial to the increase in oxygen availability that
accompanies hyperemia.26

According to the extended BKCR equation, elevated CTTH is
expected to reduce OEFmax—see Figure 4A. To maintain constant

Reduced tissue
oxygen tension

PtO2[mmHg]

PtO2 = 26 mmHg
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T
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no capillary flow
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Figure 4. Effects of mean transit time (MTT), capillary transit time
heterogeneity (CTTH), and oxygen tension on oxygen extraction.
(A, B) The x axis position is indicated by the value of both MTT
(bottom x axis) and cerebral blood flow (CBF) (top x axis). (A) Contour
plot of maximum oxygen extraction fraction (OEFmax) as a function of
these parameters and the CTTH at a tissue oxygen tension of
PtO2¼ 26mmHg.115 The value of OEFmax is indicated by a color at the
corresponding location in the (MTT, CTTH) plane. The OEFmax value
corresponding to this color or location in the contour plot is most
easily derived from the OEFmax values indicated on the two nearest
solid black lines, which display OEFmax iso-contours. Note that the
oxygen extraction efficacy always increases with increasing MTT and
with decreasing CTTH. The image inserts show schematic capillary
beds with homogenous capillary transit times (lower left insert) and
with CTTH typical of resting brain (upper right insert). The arrow
indicates the changes in MTT and CTTH that occur during functional
activation: The reduction in CTTH that occurs in parallel with the
arteriolar dilation partly maintains the oxygen extraction efficacy
during hyperemia. The maximum supported cerebral metabolic rate
of oxygen (CMRO2

max) is shown in units of mL/100mL per minute in
(B). Recall that this figure is derived from (A) by multiplying its OEFmax

values by Ca and CBF, assuming that the capillary transit times of
erythrocytes are inversely proportional to CBV.26 Note that CMRO2

max,
and thereby tissue oxygen availability, always increases with
decreasing flow heterogeneity. The physiologic CBF response to
functional activation tends to reduce OEFmax in normal tissue, both
due to the shorter MTT and due to a higher PtO2.

26 Hemodynamic
states above the yellow line in (B) are unique in that increases in their
CBF (reductions in MTT) will lead to states of lower tissue oxygen
availability: these states are referred to as having malignant CTTH. The
horizontal arrow indicates the metabolic consequence of increased
CBF without concomitant reductions in CTTH: in the absence of any
homogenization of capillary flows, vasodilation would not lead to a
net increase in the availability of oxygen in tissue. The origin of this
paradox effect is illustrated by the insert in the upper right of (A). The
oxygenation of blood along capillary paths in this insert was modeled
according to in vivo erythrocyte velocity recordings in resting rat
brain26,39 and the single-capillary Bohr–Kety–Crone–Renkin (BKCR)
model, and then indicated as a color code, ranging from fully
oxygenated (left) to levels well below that of mixed venular blood
(right) along some capillary paths—cf. also Figure 3 in Jespersen and
Østergaard.26 Note that, along some capillary paths, flow velocities are
so high that little oxygen is extracted from blood. In normal brain,
hyperemia is accompanied by a reduction in CTTH (lower left insert in
A). This homogenization decreases the number of capillary paths with
high flow and limited oxygen extraction, causing net oxygen
availability to increase as a function of CBF. If this heterogeneity
persist during hyperemia, for example due to changes in capillary
morphology or blood rheology, the effective shunting of oxygenated
blood can become critical. As discussed in the text, vasodilation
may in fact be attenuated by hypoxia-sensitive mechanisms as
hemodynamic states approach this critical limit. Paradoxically, the
neurovascular dysfunction and the reduced CVRC observed in
conditions predisposing to stroke may therefore reflect adaptations
to prevent critical hypoxia in cases of high CTTH. (C) This panel shows
how tissue oxygen metabolism can be secured when CBF increases
no longer lead to increased tissue oxygen availability. The figure
shows net oxygenation as a function of tissue oxygen tension and
CTTH for fixed MTT (CBF¼ 60mL/100mL per minute; MTT
1.4 seconds) to illustrate how tissue metabolism, by reducing tissue
oxygen tension, can facilitate net oxygen extraction in cases where
capillary dysfunction cause critical levels of ‘shunting’—provided that
CBF responses are attenuated. Note that a decrease in oxygen tension
of 5mmHg can support a CMRO2 increase of 20%. This corresponds
roughly to the additional energy requirements of neuronal firing.
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oxygenation in response to a reduction in OEFmax, resting and
activity-related CBF rates must therefore increase. Accordingly,
increased CBF levels, both during rest and during functional
activation, are predicted to be characteristic of Stage I—see the
panels of relative CBF levels in Figure 3. As CTTH increases further,
however, increases in CBF can no longer maintain sufficient tissue
oxygenation during episodes of functional activation. This
phenomenon marks the beginning of Stage II.

STAGE II. DECREASING TISSUE OXYGEN TENSION AND THE
NEED TO ATTENUATE CBF RESPONSES
One of the most important predictions of the extended BKCR
equation is that as CTTH increases, OEFmax for a given tissue
oxygen tension can become so low that the activity-related
increase in CBF is no longer an efficient means of improving tissue
oxygenation. Instead, suppression of normal CBF responses and
reduced tissue oxygen tension becomes the only means by which
sufficient tissue oxygen availability can be secured.26 The tissue
oxygen tension, PtO2, determines the oxygen concentration
gradient between blood and tissue, and thereby limits the
fraction of oxygen which can be extracted, OEFmax. Tissue
metabolism constantly removes oxygen from the tissue. If the
extraction of oxygen from blood becomes limited by elevated
CTTH, then tissue oxygen consumption will therefore reduce PtO2

until the blood-tissue concentration gradient—and thereby
OEFmax—is so high that the net oxygen extraction again meets
the metabolic needs of the tissue. The need to suppress CBF
responses as CTTH increases, and the importance of low tissue
oxygen tension for the net extraction of oxygen, is illustrated in
Figures 4B and 4C. For a typical cerebral tissue oxygen tension,
Figure 4B displays a contour plot of the CMRO2

max that can be
supported for any combination of MTT and CTTH. As illustrated in
the figure, an increase in CBF (decrease in MTT), without a
concomitant reduction in CTTH, can lead to a hemodynamic state
(value of MTT and CTTH) in which the availability of oxygen is
reduced in comparison with the initial hemodynamic state. We
refer to states such as these as malignant CTTH.26 In Figure 4B,
these states correspond to combinations of CTTH and MTT that
are situated above the yellow line for a given tissue oxygen
tension.

States of malignant CTTH can be understood either as
conditions with critical reductions in the apparent PS product of
oxygen or as conditions where a critical proportion oxygenated
blood is effectively shunted through the capillary bed. The latter is
illustrated by the inserts in Figure 4A: in the resting, normal brain,
some proportion of erythrocytes pass through the capillary bed at
transit times so short that little oxygen is extracted (upper right
insert). In normal brain, CTTH reductions during hyperemia (lower
left insert) permit efficient oxygen extraction, and a net increase in
oxygen availability (CMRO2

max), during hyperemia. As changes in
capillary or blood morphology accumulate (cf. Figure 2), transit
times may not be sufficiently homogenized during hyperemia. In
malignant CTTH (for a given tissue oxygen tension), an
incremental increase in CBF will force erythrocytes through
capillaries at transit times that are too fast to permit proper
oxygen extraction—causing a reduction in OEFmax that outweighs
the benefits of the increased supply of oxygenated blood.

In conditions where increased CBF would result in malignant
CTTH, the extended BKCR equation predicts that the lowering of
tissue oxygen tension becomes the only means by which oxygen
availability can be maintained. As illustrated in Figure 4C, this
mechanism is efficient if CBF is kept low to maximize OEFmax. In
the figure, CMRO2

max is plotted as a function of tissue oxygen
tension and CTTH for a CBF value that is typical of resting brain
tissue. Note that the additional oxygen requirements for neuronal
firing, typically 15% to 20%, correspond to the increase in
CMRO2

max which results from a modest reduction in tissue oxygen

tension. Therefore, when CBF remains suppressed, the increased
blood-tissue oxygen concentration gradients that accompany the
increased oxygen metabolism during functional activation can
facilitate increases in OEF that are sufficient to support the
additional energy needs of the tissue.26

Do we in fact observe cases in which CBF responses are
suppressed and OEF elevated—in the absence of upstream large
vessel abnormalities that might limit blood flow? Reductions in
cerebrovascular reserve capacity (CVRC) are typically characterized
either by increased resting OEF or by reduced CBF responses
to standardized vasodilatory stimuli such as acetazolamide,42

hypercapnia, or functional activation.43 In the setting of
cerebrovascular disease, reductions in CVRC are traditionally
taken to reflect the extent to which the blood supply to the
brain is limited by either large vessel stenosis or SVD. According to
the predictions above, reduced CVRC and neurovascular
dysfunction are also features of capillary dysfunction, in that the
attenuation of CBF responses is a necessary adaptation to
maintain tissue oxygen availability in conditions where CTTH is
elevated. The extent to which capillary dysfunction predates the
neurovascular dysfunction and the reduced CVRC observed in
conditions predisposing to stroke such as aging, hypertension,
and diabetes11,44,45 remains to be established.

STAGE III. THE STROKE-PRONE PATIENT. ISCHEMIC
THRESHOLDS
In stage III, the continued increase in CTTH causes CMRO2

max to
decrease toward the actual metabolic needs of resting brain
tissue, cf. Figure 3. In Figure 5, the green surface corresponds to
the metabolic rate of resting brain tissue, CMRO2¼ 2.5 mL/100 mL
per minute, measured in the contralateral hemisphere of patients
with focal ischemia.46 The surface is created by displaying the
2.5 mL/100 mL per minute iso-contour in Figure 4B for all values of
the tissue oxygen tension between 0 and 25 mm Hg. Thereby, the
interior of the green half-cone represents hemodynamic condi-
tions which can support metabolic needs above that of resting
tissue. The red plane marks the boundary of malignant CTTH, to
the left of which vasodilation would reduce tissue oxygen
availability.

The label A in Figure 5 shows the theoretical maximum for the
increase in CTTH (indicated by a broken line parallel to the MTT
axis) that can be sustained by brain tissue at a PtO2 level of
25 mm Hg before neurologic symptoms ensue. As described in
the section above, tissue oxygen tension will gradually decrease as
CTTH approaches this threshold, permitting normal tissue function
to be preserved, provided that CBF responses are attenuated. As
CTTH increases further, however, CTTH reaches a critical limit
(label B), where oxygen tension cannot be reduced further, and
any changes in CBF will reduce tissue oxygen availability below
the needs of resting tissue. Note that as CTTH increases, MTT must
be gradually prolonged to a threshold of B4 seconds, correspond-
ing to CBF¼ 21 mL/100 mL per minute, to meet the metabolic
needs of the tissue. In other words, to compensate for increased
CTTH, resting CBF must decrease to maintain sufficient oxygen
availability in tissue. As CBF reaches 21 mL/100 mL per minute, the
metabolic rate of resting brain tissue can no longer be maintained,
and neurologic symptoms are therefore predicted to occur. Note
that if CBF suddenly decreases due to a vessel occlusion, the
critical MTT threshold is 6.3 seconds, or CBF¼ 13 mL/100 mL per
minute, provided CTTH is negligible or moderate (label C). Studies
suggest that CTTH increases in proportion to MTT during
reductions in perfusion pressure.21,22,26 The critical CBF threshold
for brain function in the case of vessel occlusion or systemic
hypotension is therefore likely to occur somewhere between 13
and 21 mL/100 mL per minute. As a result, the extended BKCR
model predicts that stroke symptoms can be caused by reduced
CBF, increased CTTH, or both, at a ‘universal’ CBF threshold similar
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to the traditional ischemic threshold reported in clinical and
experimental studies.1

STROKE TRIGGERS
The extended BKCR equation predicts that CTTH has profound
effects on tissue oxygen availability and therefore that distur-
bances of capillary flow patterns can trigger a critical lack of
oxygen—with the possibility of associated acute stroke symptoms.
In the presence of capillary dysfunction, both moderate reductions
in CBF and slight increases in CTTH are predicted to be potential
hemodynamic sources of critical reductions in tissue oxygen
availability (cf. Figure 5) and thereby of neurologic symptoms
characteristic of an ischemic stroke or transitory ischemic attack.
Notably, the model predicts that critical reductions in oxygen
availability due to elevated CTTH may be accompanied by
compensatory hypoperfusion to optimize tissue oxygenation.
The extent to which an increase in CTTH can trigger an acute
stroke, or be the source of specific lesion types such as lacunar
and microinfarcts47 in its own right, remains unknown. Common
to such lesions, however, is the prediction that they would differ
from ‘traditional’ thromboembolic strokes only by the absence of
an upstream vascular occlusion.

It is well established from both radiologic and pathologic
studies that acute ischemic stroke often occur in relation to either
an embolus from a remote source or the rupture of an
atherosclerotic plaque in the wall of the carotid or cerebral
vessels. The release of material from the soft plaque core into the
blood stream precipitates the aggregation of platelets and the
formation of a thrombus that can cause the occlusion of
downstream vessels.16 In support of this mechanism, vessel
occlusions are found at some level proximal to the second
division of the anterior, middle, and posterior cerebral arteries in
28% to 46% of stroke patients who receive computerized
tomography angiography on arrival to the hospital.48 The
frequency of vascular occlusions at the time of symptom onset
is difficult to ascertain in that the blood’s own thrombolytic
system is thought to dissolve some thrombi during the early
phases of the disease. For example, patients who spontaneously
recover from their ischemic symptoms within 24 hours of
symptom onset, having suffered what is defined as transitory
ischemic attack, only show signs of large vessel occlusions in 13%
of cases48 but evidence of tissue damage in up to 50%.49

If exacerbation of capillary dysfunction acts as a stroke
mechanism, then some strokes would be expected to be triggered
by, for example, infections during which the number of activated
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Figure 5. Metabolic thresholds. The green iso-contour surface corresponds to the metabolic rate of contralateral tissue in patients with focal
ischemia.46 The red plane marks the boundary, left of which vasodilation reduces tissue oxygen availability (malignant capillary transit time
heterogeneity (CTTH)). The maximum value CTTH can attain at a PtO2 of 25mmHg if oxygen availability is to remain above that of resting
tissue is indicated by the label A. As CTTH increases further, a critical limit is reached as PtO2 approaches zero—label B. At this stage, the
metabolic needs of tissue cannot be supported unless mean transit time (MTT) is prolonged to a threshold of B4 seconds, corresponding to
cerebral blood flow (CBF)¼ 21mL/100mL per minute. If MTT increases instead, owing to limitations in blood supply, then the threshold
corresponding to resting contralateral tissue is reached at MTT values of roughly 6.3 seconds, or CBF¼ 13mL/100mL per minute, provided
CTTH is negligible or moderate (label C). If, however, CTTH increases as a result of the reduction in CBF or because of per-ischemic changes in
capillary patency (cf. Figure 1), then tissue oxygen availability cannot be maintained above the metabolic needs of resting tissue for CBF
values below 21mL/100mL per minute. The blue arrows indicate how tissue hypoperfusion and capillary dysfunction causes MTT and CTTH to
change, and tissue oxygen availability to approach the metabolic requirements of resting brain tissue (the green iso-contour).
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WBCs is elevated: activated neutrophils have been observed to
disturb the transit of blood through the microcirculation by
increasing the adhesion of leukocytes to the endothelium, by
temporary capillary plugging owing to their stiffer cytoplasm, and
by the release of vasoactive products.31 The incidence of stroke is
indeed increased in the 3 days after acute infections; an effect
ascribed to increase in WBC count.50 Across ischemic stroke
patients in general, one-third are believed to have suffered
(predominantly bacterial) infections within 1 week of stroke
onset.51–53 The winter months have the highest incidence of
influenza and secondary bacterial infections. During these months,
stroke mortality is 20% higher than during summer. This seasonal
variation is especially pronounced in the old54 and strongly
related to neutrophil count and self-reported cough/cold.55 The
causal relation between the incidence of infections and of acute
stroke is supported by findings that influenza vaccination in the
elderly significantly reduces the number of stroke deaths.56–58 It is
also thought that infections can trigger plaque rupture and
thereby thromboembolic events.59 The extent to which increased
CTTH in relation to increased blood viscosity can trigger stroke
symptoms in the absence of a thromboembolic event, however,
remains hypothetical.

TISSUE INJURY DURING ISCHEMIA
The mechanisms that lead to infarction of penumbral tissue
remain poorly understood. Notably, tissue death is not believed to
be an inevitable consequence of the ischemia per se.10 The
extended BKCR equation predicts that deteriorating capillary flow
patterns during hypoxia/ischemia can cause CTTH to increase, and
tissue oxygen availability to decrease, even for a constant CBF
level. Direct observations of erythrocyte velocities during cerebral
hypotension and ischemia show progressive disturbances in the
distribution of erythrocyte velocities in the capillary bed.21,22 The
extended BKCR equation predicts that these disturbances can lead
to tissue damage beyond that predicted by the level of CBF
reduction alone. This is consistent with the results of clinical
studies in which the fate of tissue which showed early deviations
of capillary flow heterogeneity from that of normal tissue was
assessed by follow-up magnetic resonance imaging scans. In all of
these studies, abnormal capillary perfusion patterns in the acute
phase of stroke were shown to predict subsequent infarction with
higher accuracy than MTT, which is the traditional marker of
hypoperfusion in acute ischemic stroke.23–25 Capillary flow
disturbances in hypoperfused tissue may be secondary to the
reduction in perfusion pressure, but some evidence suggest that
they may be related to the ensuing tissue damage: acute ischemia
has been shown to result in the constriction of cerebral pericytes,
seemingly due to increased levels of oxidative and nitrosative
stress.18,60 In addition, ischemia-related damage to the basement
membrane and to endothelial cells leads to disruptions of the
blood–brain barrier and the development of vasogenic edema.61

The compression of capillaries by pericapillary edema and by the
swelling of nearby damaged cells would be expected to further
increase CTTH.

The identification of reversible elevations in CTTH could be of
therapeutic importance as this phenomenon could represent a
target for improving tissue oxygenation, independent of throm-
bolytic therapy. The acute management of hydration, blood
viscosity, infections, and pericapillary edema (blood–brain barrier
integrity) would therefore be predicted to improve tissue
oxygenation and provide neuroprotection, irrespective of parallel
recanalization therapy. In fact, dehydration is found during
admission in 460% of acute stroke patients, and associated with
poor outcome.62 The extent to which dehydration, via its effect on
capillary flow patterns, acts as a stroke trigger (see previous
section) and reduces tissue oxygen availability in the ischemic
penumbra, however, remains unclear.

REPERFUSION
Animal studies have shown that 3 hours of focal ischemia followed
by 3 hours of reperfusion in rat brain produce more damage than
6 hours of continuous ischemia without reperfusion.63 It has been
estimated that 72% of the tissue damage observed after 2 to
5 hours of ischemia–reperfusion in the rat brain is caused by
reperfusion injury.64 Reperfusion injury is likely to be caused in
part by incomplete reperfusion of the microvasculature. The no-
reflow phenomenon and its therapeutic implications were
recently reviewed by Dalkara et al.19 When calculating CMRO2

max

values by the extended BKCR equation, no-reflow enters as a
reduction in the effective capillary volume available for oxygen
extraction. The CMRO2

max values displayed in Figure 4B must
therefore be multiplied by the fraction of open capillaries (zero in
case of complete occlusion) to correct for capillary occlusions. The
extended BKCR model predicts, however, that even if capillaries
are fully reperfused, tissue oxygen availability still depends on
their ability to permit homogenous perfusion patterns. In other
words, both CBF and CTTH must be restored in order for tissue
reperfusion to restore tissue oxygen availability to its prestroke
level. In view of the stroke mechanisms described above,
recanalization must therefore be accompanied by the reversal of
any pericyte constrictions, any capillary compression that occurred
during the ischemic/hypoxic period, and any capillary flow
disturbances resulting from the lysis of upstream clots. In turn,
any residual increases in CTTH resulting from the ischemic episode
are predicted to elicit either relative hyperperfusion (if CTTH is
restored to levels characteristic of Stage I, but higher than that of
unaffected tissue) or suppressed CBF (if CTTH is restored to levels
characteristic of Stage II or III) as vessels adjust to achieve optimal
tissue oxygenation. In the latter case, the suppression of CBF is
predicted to be mediated by local ROS production and
accompanied by relative tissue hypoxia (cf. Phase II). Capillary
disturbances that persist after ischemia can therefore add to the
oxidative and inflammatory tissue damage which is characteristic
of reperfusion injury.10,65

The extended BKCR model also implies that the timing of the
restoration of CTTH after recanalization is crucial. If CTTH is not
immediately restored on reperfusion, then OEFmax remains low for
short MTT, and the sudden restoration of flow through fully
dilated arteries and arterioles could therefore, paradoxically, cause
sudden and severe tissue hypoxia and tissue damage. Acute
stroke patients who are recanalized by intraarterial thrombolysis
often develop large areas of hyperperfusion (mean CBF 2 to 3
times greater than in contralateral, homologous tissue). This luxury
perfusion syndrome66 is associated with a twofold increase in the
incidence of infarction at day 7.67 The extent to which this
hyperperfusion indicates a reduction in OEFmax owing to
incompletely restored CTTH, a failure to suppress the extreme
upstream vasodilation, or poor tissue oxygen utilization owing to
mitochondrial damage,10,65 remains unknown. The rapid increase
in perfusion pressure that results from recanalization would in
itself be expected to augment the dilation of capillaries to restore
homogenous capillary flows. This mechanical effect may
contribute to the beneficial effects of repeated episodes of
arterial occlusion/reperfusion after cerebral ischemia in animal
models, so-called ischemic postconditioning.68

DISCUSSION
The extended BKCR model extends the previous concept of an
ischemic penumbra defined in relation to specific CBF thresholds
to also take into account the effects of CTTH on tissue oxygen
availability. In the resulting extended penumbra model, the
acute ischemic stroke may be preceded by changes in capillary
morphology and in blood viscosity. These changes cause CTTH to
increase, and the coupling between CBF and the metabolic needs

Oxygen availability in acute stroke
L Østergaard et al

643

& 2013 ISCBFM Journal of Cerebral Blood Flow & Metabolism (2013), 635 – 648



of the tissue must therefore adapt to maintain brain function. The
metabolic significance of capillary flow disturbances is predicted
to require adaptations that are consistent with the common
findings of neurovascular dysfunction and of gradual reductions in
CVRC observed in most patients with conditions that predispose
to stroke. Notably, the extended penumbra model predicts that
stroke symptoms are the result of a focal reduction in CMRO2

max to
levels below the metabolic needs of the tissue, as a result of
reductions in CBF (as in the ‘classical’ penumbra model), as a result
of elevated CTTH levels, or both. The model predicts that the
condition(s) that led to the stroke may have reduced CMRO2

max

considerably by the time it occurs. This property suggests that
some strokes may be the result of small hemodynamic perturba-
tions rather than sudden reductions in CBF of 50% or more as
implied by the classical penumbra concept. Lastly, the model
predicts that in addition to the restoration of CBF, the restoration
of capillary flow patterns is a key aspect in restoring the tissue
oxygen availability to levels above the metabolic needs of the
tissue. In theory, capillary flow patterns may be improved
independent of clot lysis, and this property of the model may
therefore prove relevant for the management of all stroke
patients, including the prehospitalization phase and in those
patients who do not fulfill criteria for thrombolytic therapy. See
also the recent review by Dalkara et al.19

From Capillary Dysfunction to Neurovascular Dysfunction—How?
A key aspect of the extended penumbra model is the prediction
that neurovascular dysfunction can be viewed as an adaptation to
downstream elevations in CTTH. Neurovascular dysfunction has
been most thoroughly studied in animal models of Angiotensin II-
mediated hypertension.69 The suppression of CBF responses
elicited by Angiotensin II is thought to be mediated by
increased levels of ROS and the depletion of NO levels in the
vessel walls.70,71 Notably, the neurovascular dysfunction even
precedes the development of high blood pressure.72

Angiotensin II constricts a large proportion of retinal capillary
pericytes in vitro via calcium channel-dependent mechanisms.73,74

Angiotensin II infusion is therefore likely to disturb capillary flow
patterns, and thus to increase CTTH, in vivo. The way in which such
capillary dysfunction could elicit the observed ROS production at
the level of the arteriolar endothelium is less clear. Capillary
dysfunction would be expected to cause episodes of low tissue
oxygen tension during upstream vasodilation as a result of the
poorer oxygen extraction. Such episodes of relative tissue hypoxia
lead to the activation of hypoxia-inducible transcription factors
(HIF). HIF-1 has been shown to upregulate the levels of nico-
tinamide adenine dinucleotide phosphate oxidase 2 (NOX-2),75

which is a major source of ROS in the brain vasculature.76 Capillary
dysfunction could therefore elicit upstream ROS production, and
hence trigger neurovascular dysfunction, via hypoxia-sensitive
mechanisms. This is consistent with the finding that the ROS
which are involved in Angiotensin II-related neurovascular
dysfunction are indeed derived from NOX-2.70,71

Neurovascular dysfunction is also thought to lead to more long-
term vascular changes. The removal of endothelial NO and the
increased production of free radicals cause long-term remodeling,
damage, and inflammation localized to the vessel wall.14,15 In
particular, vascular smooth muscle cells in upstream arteries and
arterioles degenerate and develop abnormal narrowing of their
luminal diameters.14,15 The resulting vessel wall stiffness and the
permanent reductions in vessel diameter would be expected
to mechanically attenuate the CBF responses, which normally
accompany functional activation and conditions such as
hypercapnia and hypoxia. Paradoxically, these changes in vessel
wall properties may contribute to the development of upstream
vessel disease while at the same time being protective in the
sense that they reduce the ROS production which would

otherwise result from the tissue hypoxia elicited by hyperemic
episodes from the onset of Stage II.

Therapeutic Implications
The extended penumbra model predicts that neurovascular
dysfunction is in fact an adaptation, which serves to avoid
increases in CBF that would otherwise elicit relative tissue hypoxia.
This implies that patients with capillary dysfunction tolerate
hyperemia poorly: increased CBF would be predicted to cause
episodes of cerebral hypoxia, paralleled by excessive oxidative
stress and accelerated vascular damage as part of the intrinsic
attempts to block the high blood flow. Obstructive sleep apnoea is
associated with periods of severe nocturnal hypercapnia and
hypoxemia, both of which cause substantial increases in CBF in
the normal brain. Obstructive sleep apnoea patients show
reduced CVRC compared with controls, particularly in the
morning,77 consistent with the prediction that neurovascular
dysfunction is an adaptive response that serves to attenuate
nocturnal cerebral hyperemia. The potential therapeutic
implications of this principle are underscored by the finding that
the reduced CVRC can be reversed to the levels of normal controls
by treatment with continuous positive airway pressure,77 and that
the increased incidence of both fatal and nonfatal strokes in
obstructive sleep apnoea can be reduced by continuous positive
airway pressure treatment.78

The ROS production and the NO depletion observed in
neurovascular dysfunction may be beneficial in that these factors
reduce the diameter of arteries and arterioles. Meanwhile, ROS
also constricts capillary pericytes,18 as does NO depletion,79,80

Such ‘downstream’ effects would be expected to increase CTTH
further, unless NO levels at the capillary level can be maintained.
As tissue oxygen tension decreases, the risk of capillary NO
depletion may become even higher, as oxygen is a crucial
substrate for NO production via NO synthases.81 NO depletion at
the capillary level could therefore lead to a vicious cycle by
causing further tissue hypoxia, further attenuation of upstream
vessel tone, and so forth. This vicious cycle is counteracted by the
release of NO from erythrocytes as they unload oxygen in oxygen-
deprived tissue.82 Also, the upregulation of HIF-1 in hypoxic tissue
activates nuclear factor kB83 and thereby the production of
inducible nitric oxide synthase and large amounts of NO in the
tissue.10 The extent to which this mechanism exerts a protective
effect on capillary tone and tissue oxygenation by preserving
capillary level NO is unclear. Capillary NO levels may be modified
in ways that do not require oxygen as a substrate, namely by
administration of nitrite, which are major sources of NO in
mammals.84. Indeed, early administration of nitrite has been
shown to reduce the production of ROS and increase the tissue
survival in ischemia–reperfusion.85 Increased NO levels have also
been implicated in the protective effects of ischemic precon-
ditioning; the application of sublethal ischemia to mitigate
increased tolerance to subsequent ischemic episodes.86,87

Diagnostic Implications
The detection of emboli sources in the heart and aorta, and the
demonstration of stenoses or vulnerable plaques in carotid and
intracranial vessels is a crucial part of the management of stroke
risk factors, transitory ischemic attack, and acute stroke. The
extended penumbra model suggests that in addition to heart
disease, large vessel disease, and SVD, the extent of capillary
dysfunction may also be of importance to the risk of developing
an acute stroke. In principle, the severity of capillary dysfunction
can be determined by assessing CVRC in relation to the routine
management of most of the conditions listed in Table 1. Given the
model’s prediction that elevated OEF and reduced CBF responses
to vasodilators are features of both capillary dysfunction and
severe vascular stenosis or occlusions, diagnostic means of directly
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showing capillary dysfunction could be crucial. In particular, the
quantification of concomitant capillary dysfunction in patients
with symptomatic carotid stenosis could help predict the relative
benefits of revascularization and aggressive management of
cardiovascular risk factors,88 of which the latter is more likely to
affect capillary dysfunction.

The demonstration of a thrombus in an intracranial vessel
would be expected to rule out the possibility that a patient
developed acute stroke in relation to exacerbation of severe
capillary dysfunction. While patients with a confirmed vascular
occlusion may have significant capillary dysfunction and thus
tolerate residual elevations in CTTH after recanalization poorly, this
radiologic finding would be expected to increase the chances that
the patient belongs to a category of patients in which the lysis or
removal of a blood clot would result in sizeable elevation of
CMRO2

max. This is consistent with reports of better neurologic
outcomes in patients with acute radiologic signs of vessel
occlusion and successful thrombolytic therapy.89,90 Meanwhile,
patients with capillary dysfunction are predicted to have been
exposed to low brain tissue oxygen tension for an extended
period of time. This could activate protective pathways that
improve their tolerance to periods of ischemia in later life, much as
in experimental preconditioning.87

The considerations above suggest that it may be of both
diagnostic and prognostic value to quantify CTTH and MTT in
patients suffering from conditions that predispose to stroke, and
in both unaffected and hypoperfused tissue in stroke patients.

CTTH and MTT can be measured by monitoring the clearance of
intravascular contrast agents as part of standard perfusion-
weighted magnetic resonance imaging, perfusion computed
tomography, or contrast-enhanced transcranial ultrasound exam-
inations.91,92 Current perfusion algorithms quantify the severity of
tissue hypoperfusion in terms of metrics that attempt to capture
various aspects of delayed contrast passage through affected
brain regions. Theoretically, the shape of the tissue bolus passage
curve depends on both MTT and CTTH, and the derived metrics
are therefore likely to reflect their values in one way or another.
Accordingly, all of these metrics are capable of predicting the risk
of subsequent infarction in acute stroke patients with some
degree of certainty,93–96 although most lack a direct physiologic
interpretation.97 Figure 6 illustrates how the so-called Tmax
parameter96 is biased by the value of CTTH and OEFmax.

Limitations to the Extended BKCR Model
When first modeling the effects of CTTH on tissue oxygen
availability, we chose the widely accepted gamma variate PDF to
model the distribution of capillary transit times.26 This choice
permits us to represent CTTH by a single parameter, namely the
standard deviation of capillary transit times, and thereby to
provide a first, intuitive understanding of the effects of capillary
flow patterns on tissue oxygen availability by means of two- and
three-dimensional plots such as those shown in Figures 4 and 5.
Needless to say, the original BKCR equation can be generalized to

Figure 6. Digital phantom simulation of the inherent bias of the Tmax parameter by the values of mean transit time (MTT) and capillary transit
time heterogeneity (CTTH). (A) Forty-nine squares with ‘true’ maximum oxygen extraction fraction (OEFmax) values corresponding to
combinations of seven MTT values and seven CTTH values, cf. Figure 4A, are shown. Each square consists of 14-by-14 voxels, with associated
concentration time curves characteristic of the tissue bolus passage which would result from the vascular retention caused by the
corresponding values of MTT and CTTH. Random noise characteristic of magnetic resonance perfusion raw data was then added at each
noise free, simulated data point, and the tissue curve analyzed by a customized algorithm, which determine OEFmax based on CTTH and
MTT.92 (B) This panel shows OEFmax values estimated by this algorithm. They are seen to correspond well with the true values in panel A.
We also determined the corresponding Tmax value using two common singular value decomposition based deconvolution techniques.116,117

(C, D) Maps of Tmax derived from the delay-corrected (C) and delay un-corrected (D) singular value decomposition algorithms. Note that the
Tmax maps contain an incidental bias that mimics OEFmax.
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take into account the heterogeneity of capillary transit times by
using any number of PDFs to represent their distribution. For most
PDF choices, however, this would involve the inclusion of
additional parameters (in addition to the standard deviation of
capillary transit times) to describe CTTH and thereby render the
resulting model more difficult to interpret and visualize. In
subjects or animal models with age- and risk factor-related
changes in capillary morphology and topology, the distribution of
capillary transit times is likely to be extremely complex and
therefore difficult to model with analytical PDFs. In future studies
of the metabolic effect of CTTH, models based on actual,
measured transit time distributions may therefore prove more
informative. In the analysis of the metabolic effects of CTTH
presented here, our conclusions depend little on the actual
distribution of transit times in tissue. Rather, our analysis depends
on the finding that increased CTTH tends to reduce tissue oxygen
availability and that this phenomenon can lead to conditions in
which increases in CBF fail to improve tissue oxygen availability—
dubbed malignant CTTH. We have previously shown that both the
dependency of tissue oxygen availability on CTTH and the
malignant CTTH phenomenon are consequences of the well-
accepted BKCR model, rather than of the PDF chosen for modeling
purposes, cf. Figure 2 in the paper by Jespersen and Østergaard.26

We therefore believe that the analysis presented here can serve as
a general rationale for considering capillary flow patterns as an
integral part of stroke pathogenesis, stroke diagnosis, and stroke
management.

CONCLUDING REMARKS
The analysis presented here suggests that conditions that
predispose to stroke can lead to neurovascular dysfunction,
vascular oxidative stress, and relative tissue hypoxia well in
advance of any cerebrovascular accidents. In a recent publication,
we argued that such changes are also highly conducive to
neurodegenerative changes and memory impairment.98 Changes
in capillary morphology and neurovascular function may in fact
represent important common denominators for conditions that
increase both the risk of developing acute stroke and the risk of
developing dementia.69 The overlap in the etiopathogenesis of
these clinically diverse conditions is emphasized by the finding
that cognitive decline is a predictor of acute stroke99 and that the
rate of decline in memory function is related to both the risk of
stroke and the risk of poor stroke outcome.100

The presence of age- or risk factor-related changes in capillary
morphology and of neurovascular dysfunction constitutes key
differences between human stroke and animal models of ischemia
and reperfusion injury. This difference could affect the extent to
which neuroprotective strategies developed in animal models
with normal regulation of CTTH show similar effects when applied
in human stroke.
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