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ABSTRACT. Objective. To implement a realistic autoregula-
tion mechanism to enhance an existing educational brain
model that displays in real-time the cerebral metabolic rate
(CMRO,), cerebral blood flow (CBF), cerebral blood volume
(CBV), intracranial pressure (ICP), and cerebral perfusion
pressure (CPP). Methods. A dynamic cerebrovascular resist-
ance (CVR) feedback loop adjusts automatically to maintain
CBF within a range of the CPP and defines autoregulation.
The model obtains physiologic parameters from a full-scale
patient simulator. We assumed that oxygen demand and
arterial partial pressure of carbon dioxide (CO; responsivity)
are the two major factors involved in determining CBF. In
addition, our brain model increases oxygen extraction up to
70% once CBF becomes insufficient to support CMRO5. The
model was validated against data from the literature. Results.
The model’s response varied less than 9% from the literature
data. Similarly, based on correlation coefficients between the
brain model and experimental data, a good fit was obtained
for curves describing the relationship between CBF and
PaCO at a mean arterial blood pressure of 150 mm Hg (R? =
0.92) and 100 mm Hg (R2? = 0.70). Discussion. The auto-
regulated brain model, with incorporated CO, responsivity
and a variable oxygen extraction, automatically produces
changes in CVR, CBF, CBV, and ICP consistent with literature
reports, when run concurrently with a METT full-scale patient
simulator (Medical Education Technologies, Inc., Sarasota,
Florida). Once the model is enhanced to include herniation,
vasospasm, and drug effects, its utility will be expanded
beyond demonstrating only basic neuroanesthesia concepts.

KEY WORDS. Cecrebral blood flow, cerebral vascular resistance,
cerebral perfusion pressure, PaCO,, PaO,, cerebral metabolic
rate of oxygen consumption, educational model, simulation.

INTRODUGTION

Cerebral blood flow can be influenced by adjusting
physiologic variables such as cerebral metabolic rate of
oxygen consumption (CMRO,), arterial partial pressure
of oxygen (PaQ,), arterial partial pressure of carbon
dioxide (PaCO3), and mean arterial blood pressure
(MABP). The conceptual basis underlying a clinician’s
treatment strategy is derived from research on animals
and humans, where, generally, only one variable is
varied at a time while keeping others constant [1-3].
The goal of this project was to implement a mecha-
nism for autoregulation into an existing brain model
[4] and generate a dynamic display of intracranial varia-
bles such as intracranial pressure (ICP), cerebral blood
flow (CBF), and cerebral blood volume (CBV) as they
simultaneously change and affect each other. When
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Fig. 1. The relationship between cerebral blood flow (CBF) and cerebral perfusion pressure (CPP) in an autoregulated brain model. The slope of
the line at both ends of autoregulation represents the conductance or the inverse of resistance of the cerebral vasculature. By setting two extreme
values of resistance, the autoregulation zone (horizontal portion) can be customized to model patients with various degrees of loss of

autoregulation.

integrated to a full-scale patient simulator (Human
Patient Simulator v. B, Medical Education Technolo-
gies, Inc., Sarasota, FL) [5], the brain model with
autoregulation features provides a real-time window
into events within the intracranial space and may be-
come a new educational tool for learning the manage-
ment of intracranial dynamics. It should be emphasized
that the goal of the model is to be an educational tool,
incorporating many simplifying assumptions, not neces-
sarily a highly accurate physiologic model for precisely
predicting patient response.

Autoregulation was modeled by designing a dynamic
cerebrovascular resistance (CVR) system. In addition to
CPP and oxygen demand/delivery balance, the effect of
PaCO; (i.e., CO; responsivity) is an independent con-
trolling factor of CBF. Based on these factors, CVR is
calculated in the model to automatically adjust to main-
tain CBF at a set point within the autoregulation zone.
We describe the implementation of the model and its
validation against responses described in the literature.

METHODS

Description of the model

Similar to our first model of intracranial physiology
[4], the brain model described here is composed of four
separate volumes: brain tissue, blood, cerebrospinal
fluid, and a “mass.” Under normal physiologic condi-
tions, the sum of these volumes equals the cranial cavity

volume (1300 ml) and the “mass” volume is zero. The
elastance relationship described in our first model [4] is
used to determine ICP.

Autoregulation functions to maintain a constant
CBF when the cerebral perfusion pressure (CPP) varies
within the 50-150 mm Hg range (Figure 1) [1] by
modulating CVR. It also plays an important role in
ensuring that adequate oxygen is delivered to brain
tissues. PaCO,, independently of CPP and PaO,, also
affects CVR [6—9]. Thus, autoregulation requires that
changes in oxygen demand produce corresponding
changes in oxygen delivery. The mechanisms by which
oxygen delivery can be changed include changes in
hemoglobin concentration ([Hb]), CBF (through CVR),
2,3-diphosphoglycerate concentration ([DPG]) and arte-
rial oxygen saturation (SaO;). Physiologically, [Hb],
[DPG] and oxygen saturation cannot be quickly altered
to meet changes in demand. Therefore, we assume that
the mechanism of autoregulation that regulates CBF
during ischemia also occurs through the modulation of
CVR. In our model, CVR modulation is the principal
mechanism for satisfying oxygen demand.

Autoregulation, using the relationship between
CVR and CBEF, is described by Equation (1), where
CPP is obtained from Equation (2), “t” represents time,
and we assume that a linear resistance can represent the
cerebral vasculature. From Equation (1), it can be seen
that under constant CPP, CBF is

CBF(t) = % (1)



inversely proportional to CVR. A decrease in CVR
will increase CBF and vice-versa. Because CBF deter-
mines the amount of oxygen supplied (SaO; and [Hb]
remaining constant), the controlling factor that affects
CVR and, thus, CBF is oxygen demand, which is based
on the cerebral metabolic rate.

CPP is defined as the mean arterial blood pressure
(MABP) minus either ICP or central venous pressure
(CVP), whichever is greater. This model uses ICP be-
cause its default value of 12 mm Hg is greater than the
normal CVP range of 0 to 6 mm Hg. A common
clinical objective is to maintain CPP above the lower
limit of 50 mm Hg, which represents the lowest CPP
value on the autoregulation zone (horizontal portion)
of Figure 1 [1]. The CPP is calculated using Equation
(2) as follows:

CPP = MABP — ICP (or CVP) (2)

The oxygen demand is equal to CMRO;, which is in-
fluenced by anesthetic agents, temperature, and seizures,
among other things. Therefore, in modeling autoregu-
lation, the oxygen demand rate is based directly on the
metabolic rate and is used to determine the set point
CBF for oxygen. Equation (3) [4, 10, 11] defines
CMRO:; solely as a function of temperature [4]. For a
normal body temperature of 37 °C, under normal cir-
cumstances, CMRO> is 3.56 ml O,/100 ml brain/min.

CMRO, = exp(—2.7579 + 0.1089 * T) (3)

The amount of oxygen delivered to the brain is deter-
mined by arterial oxygen content (CaO,; function of
[Hb], SaO,, and PaO;) and CBF (function of CPP and
CVR). CaO; is determined using Equation (4) [12]
where the constant 0.0031 represents the amount of
oxygen that dissolves in blood without binding to
hemoglobin.

Ca0, = $20, ([Hb] * 1.39) 4 PaO, (0.0031) (4)

Sa0; is determined from PaO, using a standard oxygen-
hemoglobin dissociation curve [13]. The shifting of the
dissociation curve by factors such as temperature,
[DPG] and pH is not modeled. The dissociation curve
was broken into three segments, to get the best possible
curve fitting (Origin, Microcal, Northampton, MA).
Equations (5), (6) and (7) represent SaO; as a function
of PaO; and are embedded in our brain model. (Units:
Sa0; (%) and PaO; (mm Hg))
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1. for0 <PaO,; <40

Sa0, = — 0.9175607 4 1.0438527 - PaO;
+0.021241344 - (PaO,)*

2. for40 <PaO, <140

Sa0, = — 34.991452 + 4.766072 - PaO,
— 0.067696104 - (Pa0O,)?
+ 0.0004358606 - (P2O,)’
— 1.045397E — 6 - (PaO,)"

3. forPaO, > 140

S20, = 100% (7)

Under normal conditions, the amount of oxygen
delivered to the brain far exceeds the demand. When
CBF decreases below the lower limit of autoregulation
but the oxygen demand remains high, extraction of
oxygen from blood can be increased [14]. For our
model, the default oxygen extraction was calculated
to be 31% in the autoregulation zone, using the default
values for CBF (52.5 ml/100 g brain/min), CaO, (21 ml/
100 ml blood) [12], and CMRO; (3.56 ml O5/100 ml
brain/min) in Equation (8) and solving for the oxygen
extraction (ext). As the lower limit of the autoregu-
lation zone is reached (left side of flat portion), CBF
starts to decrease linearly with CPP. At this point, the
oxygen extraction starts to increase in order to meet the
oxygen demand. If CPP falls below where the oxygen
extraction has been maximized at 70%, ischemia occurs
[15]. The set point for the fraction of CBF governed
by oxygen, CBF;, o,, is determined by using PaO,
(indirectly via Equation (4)) and CMRO; in Equation
(8). “Set point” describes the CBF required to meet
CMRO;. CaO; 1s determined using Equation (4).

CMR O,

CBF,, o, = ———2_
P 02 Ca0; * ext

(®)

Similarly, the set point for the fraction of CBF influenced
by carbon dioxide, CBF;, co,, defines CBF based on
PaCO,. Using previously obtained equations [4], the
percentage value of CBF (% CBF) is calculated based on
PaCO,;. The CBFy;, o, is converted from %CBF value
to actual CBF using Equation (9).

52.5 * %CBF

CBEy.co. = 509

©)

where 52.5 ml/100 g brain/min is the default CBF.
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Fig. 2. Flow chart of brain model with autoregulation. Highlighted boxes represent the original brain model and boxes surrounded by bold lines

represent input data from the full-scale human patient simulator.

Both the PaO, and PaCO; set points cause the auto-
regulation zone (Figure 1) to move up and down based
on oxygen demand and PaCO,. Therefore, for our
model, CBF,, co, is made independent of CBF, o,
and an additive relationship is used in Equation (10)
for determining the set point CBF (CBF,). The effect
of PaCO, on CBF (ACBFy, co,) is determined by
subtracting the default CBF (52.5 ml blood/100 g
brain/min) from CBF, co,. Multiplying CBF, o,
with ACBFSP’CO2 to get CBF;, was not an option
because CBF,, o, would no longer be independent of
ACBFg;, co, in its effect on CBFy, when ACBF;, co, is

ZCro.

CBF,, = CBF,, 0, + ACBFE, co, (10)

CBFy, is determined using PaO,, PaCO3, and CMRO;
(Figure 2). Varying these physiologic parameters shifts
CBF;, up or down. The CPP range of the autoregula-
tion zone is set by a lower and upper limit of CVR.
The limits of CVR at both extremes of the autoregula-
tion zone define the inverse of the slopes on a CBF
versus CPP graph. The multiple autoregulation curves
in Figure 1 illustrate the capability of the model to
adjust for cases of hypertension, hypotension and loss of
autoregulation. In the latter case, the autoregulation

curve is represented by a single line passing through the
origin with no flat portion (Figure 1).

Using the relationship between oxygen demand and
CBF, a dynamic feedback system was implemented
(Figure 2). The feedback system models autoregulation
via CVR modulation. Within the autoregulation zone,
CBF and CVR will continuously adjust so that the
oxygen supplied will meet the demand set by the brain
at the lowest (default) extraction rate.

In the feedback loop, CVR is adjusted so that the
actual CBF, CBF(t), matches CBF;,. For example, if
CMRO: goes up, the resultant increase in CBF,, will
cause a difference between CBF,, and the CBF at “t”
minus one second, CBF(t — 1). In the feedback loop,
CVR will decrease so that CBF(t) can increase to match
CBFy,. Equation (11) is used to determine the new
resistance CVR(t) based on the previous resistance
CVR(t—1) and the “error” in CBF. The change in
CVR is determined by multiplying the difference
between the previous flow CBF(t — 1) and the CBF,
by a gain G and a sensitivity constant k set to unity. The
dimensionless constant “k” allows the user to change
the sensitivity of the CVR response without changing
the gain. With “k” set to unity and maintaining a
constant MABP and ICP, the gain was determined by
trying to match CBF(t) to CBF,(t) within one time



step, At (1 sec). Starting with both CBF(t) and
CBF(t — 1) at default values of 52.5 ml/100 g brain/
min, an average MABP of 75 mm Hg and an ICP of 12
mm Hg, the default CVR(t) and CVR(t —1) were
determined, using Equation (1), to be 1.22 mm Hg/(ml/
100 g brain/min). Using the default CVR values and
default CBF(t — 1), the gain was determined by keeping
MABP, ICP, CMRO, and PaO, fixed at their default
values and varying the PaCO; in 2 mm Hg increments.
PaCO, was chosen as the tuning variable because the
CBF vs. PaCO; plot has a constant slope over a clinically
relevant PaCO; range such that a single given G can be
used for the entire PaCO; range of 20—80 mm Hg (see
Figure 4). Secondly, the response of CVR to changes in
PaCO; is fast, due to the rapid diffusion of CO; across
the blood-brain barrier [6]. Also, the bicarbonate buffer
system [13] in humans limits the magnitude of APaCO,
over At. The fast response and the fact that APaCO is
small over At justify our assumption that CVR will
change over 1 sec in order to achieve the desired CBF.
Because PaCO, was the only changing variable, we
could determine CBF, based on PaCO; and calculate
the CVR(t) (Equation (1)), which would cause CBF(t)
to equal CBF,. Solving equation 11, G was determined
to be 0.021239 mm Hg/(ml/100 g brain/min) [1].

CVR(t) = 0"
CVR(t— 1) + k % G # [CBF(t — 1) — CBF,(t)] (1)
The blood volume of the brain model (Equation (12)) is
incremented by dividing CBEF(t) by 60 (60 sec/min) and
multiplying by a factor of 13 (1300 g total brain divided
by usual denominator unit of 100 g brain) in order to
get the total volume of blood entering the entire brain
every second. Similarly, the total blood volume leaving
the entire brain every second, CBF,,, is subtracted
from the blood-brain volume. In Equation (12), the
cerebral blood volume CBV(t) is updated every tenth
of a second (At = 0.1 sec).

CBY() = CBV(t—1) + = (CBE() ~ CBE )AL (12)

A literature search did not produce the quantitative data
required to model the out-flow mechanism for the
brain. Consequently, a linear relationship between CBV
and CBF adapted from Leenders et al. [3] (Equation
(13)) is used to set limits to CBV; the model sets an
upper or a lower limit blood volume, CBVj;;, that is
derived from CBF(t) and Equation (13) [4]. The num-
ber 10.23476 represents the inverse of the slope for our
regression line through Leenders’ data. Units: CBViimi
(ml/100 g brain), CBF (ml/100 g brain/min)
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13 % CBE(t)

CBViimie(t) = 10.23476

(13)

CBViimic(t) is set according to CBF(t) and changes
continuously as CBF(t) is updated. When CBV(t)
(Equation (12)) matches CBVyj,ic(t) (Equation (13)),
the out-flow rate (CBF,,,) is set equal to the in-flow
rate (CBF(t)), which allows CBV(t) to remain constant.
For example, in a normal patient with a CBV(t) of 75
ml and all the parameters set to their default values,
CBF,,, is set equal to the CBF(t) default value of 52.5
ml blood/100 g brain/min. While the patient remains
hemodynamically stable, CBF(t), CBF,,;, and CBV(t)
will remain constant at their default values. If flow
demand increases, CBF(t) will start to increase while
the out-flow rate remains constant at the original set-
ting (52.5 ml blood/100 g brain/min, for this example).
In this case, assume that CBF(t) was increased to 65 ml
blood/100 g brain/min. According to Equation (12),
CBV(t) will start to increase from its default value. The
blood volume will increase until CBV(t) equals
CBVimic(t), which is determined by CBF(t) (Equation
(13)). In this example, CBF(t) is 65 ml blood/100 g
brain/min and CBVjj;(t) is calculated to be 95 ml.
Once CBV(t) is equal to CBV i (t) & 4 ml, CBF,y, is
set equal to CBF(t) and the intracranial blood volume
will remain at CBVjyy;c (95 ml) until CBF(t) changes
once more. Similarly if flow demand decreases, the
in-flow rate will start to decrease while the out-flow
rate will remain unchanged. Because the in-flow rate
is smaller than the out-flow rate, CBV(t) will de-
crease until it matches the CBVy;, corresponding to
the lower CBF(t), within £ 4 ml.

The complete flow chart for the brain model incor-
porating autoregulation is shown in Figure 2. CBF is
calculated using Equation (1) and the flow chart shows
the input from CPP and CVR onto the CBF(t) box.
The dynamic feedback loop is the one going from the
CBF(t) box to the operator circle. In this loop, CBF(t)
is driven towards CBF;, by varying CVR according to
the “error” in CBF.

Validation techniques

Model validation consisted of three parts. First, the
model’s output was compared to a set of standardized,
idealized curves that describe the relationship among
CPP, CBF, PaCO,, PaO,, as published by Michenfelder
[1]. For convenience, these curves will henceforth be
cited as Michenfelder’s curves. Second, the model’s out-
put was compared to experimental data from Harper
and Glass [16]. Finally, the model was evaluated for
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Fig. 3. The relationship between cerebral blood flow (CBF) and arterial partial pressure of oxygen (PaO;) generated by the brain model (gray)
compared to the Michenfelder curve (black). Arterial partial pressure of carbon dioxide (PaCO,) and mean arterial blood pressure (M ABP)

held constant at 40 and 75 mm Hg, respectively.

clinical realism (plausible time course and magnitude of
changes) in the Human Patient Simulator. To validate
the model, we reproduced some of the experiments
conducted by Michenfelder [1]. All physiologic input
variables were set to their default values and kept con-
stant while only the input variable of interest was
changed. The input variables to the brain model are
PaO,, PaCO,, MABP, temperature, [Hb], CVR range
(autoregulation) and a “mass” volume (Figure 2). In
order to compare the response of the brain model to
Michenfelder’s curves, temperature (36.5°C), [Hb] (15
gm/dL), CVR range (normal: 0.6—-3.0 mm Hg/ml/
100 g brain/min), and mass volume (0 ml) were set to
their normal default values, defining a normal brain.
The remaining three variables PaO,, PaCO,, and
MABP or CPP were each tested independently while
the other two variables were set to their default values
(PaO; = 100 mm Hg, PaCO;, = 40 mm Hg, and MABP
= 75 mm Hg). During the test, CVR, CBF, and CBV
are dynamically changing in response to changes in
PaO;, PaCO,, or MABP. The %CBF is plotted as a
function of PaO,, PaCO,, and CPP and compared to
Michenfelder’s curves.

In order to compare Michenfelder’s curves to the

model-generated curves, we divided the absolute error
(%CBF) between the two corresponding curves by the
%CBF value reported by Michenfelder’s curve, for
cach 1 mm Hg increment along the X-axis. The sum-
mation of the absolute, normalized errors was then
divided by the number of points along the X-axis and
multiplied by 100% in order to get a percent value, E,
for deviation of the model curve in comparison to
Michenfelder’s curve (Equation (14)).

iif [Ymi — Yomil
_i=0 Y

n

E «100% (14)

M = Michenfelder data, BM = brain model data, Y =
% CBEF, 1 = data points along X-axis

RESULTS

The error between Michenfelder’s curve and our model
for the relationship between %CBF and PaOy is 5.24%
(Figure 3). PaO; and CVR were initialized to 0 mm Hg
and 0.6 mm Hg/ml/100 g brain/min respectively. PaO,
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was increased incrementally by 1 mm Hg every second
while CVR was allowed to adjust itself based on the
autoregulation mechanism. Initially, below a PaO; of
30 mm Hg, the flat portion of the curve represents a
vascular system that is maximally dilated (lower end of
autoregulation) in order to maximize oxygen delivery
by maximizing CBF. Once PaO; exceeds 30 mm Hg,
CaO;, is sufficient and autoregulation starts decreasing
CBF by increasing CVR. As the PaO; and blood oxygen
saturation (SaQO3) increase, the increased CaO; results in
further decreases in CBF. The curve finally flattens out
because SaO, becomes maximized.

The brain model uses equations [4] derived from
Michenfelder for determining the %CBF based on
PaCO,. To generate output, all variables were set to
their default values except for PaCO; and CVR, which
were set to their initial values of 0 mm Hg and 3.0 mm
Hg/ml/100 g brain/min. PaCO, was increased incre-
mentally by 1 mm Hg every second while CVR was
allowed to adjust itself. Similar to the Michenfelder
curve, the curve generated by the brain model flattens
out at both ends of the PaCO; spectrum (Figure 4). The
curve flattens out because the lower and upper limits of
autoregulation are reached. As the PaCO; decreases, the

cerebral vasculature continues to constrict in order to
reduce blood flow. Once the vasculature has reached
its limit and cannot constrict any more, blood flow
becomes solely a function of blood pressure. As long as
the blood pressure is constant, as enforced here, the
blood flow will remain constant. Similarly at the upper
limits of autoregulation, the vasculature can no longer
dilate, causing a constant blood flow under constant
pressure. The small error of 2% reflects the good fit
between the model’s output and Michenfelder’s curve.
Figure 5 shows the autoregulation curve that de-
scribes the relationship between %CBF and CPP. For
the brain model, normal autoregulation is set with a
minimum CVR of 0.6 mm Hg/ml/100 g brain/min
and a maximum CVR of 3.0 mm Hg/ml/100 g brain/
min. The inverse of the lower and upper CVR values
represents the slopes of the gray lines shown at both
extremes of autoregulation in Figure 5. To generate the
curve, all variables were set to their default values.
CVR was initialized to 0.6 mm Hg/ml/100 g brain/min
and MABP was initialized to 12 mm Hg to ensure that
the CPP started at 0 mm Hg because the CPP is
determined by subtracting the ICP (default value 12
mm Hg) from the MABP. The MABP was then in-
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creased incrementally by 1 mm Hg every second until it
reached 220 mm Hg. CVR was allowed to adjust itself
throughout the run. The error between the two curves
in Figure 5 is 8.37%. The model-generated curve varies
from the Michenfelder curve at both the lower and
upper end of autoregulation, causing the larger error
value.

The ability to customize autoregulation at the begin-
ning of each simulation enhances the flexibility of the
brain model as a learning tool allowing simulation of a
variety of cases as shown in Figure 1. We reproduced
curves experimentally obtained by Harper and Glass
[16] by changing the CVR limits of autoregulation
until a good visual fit was obtained. Harper and Glass
studied the effects of PaCO, on CBF at MABPs of 150,
100, and 50 mm Hg in dogs (Figure 6). Because Harper
and Glass did not give R? values for their data, the
coordinates of their data [16] were manually measured

and entered into a Microsoft Excel spreadsheet so that
the R? values could be compared. An exponential curve
fit was done for the 50 mm Hg blood pressure data,
while a third order polynomial curve fit was performed
for the 100 and 150 mm Hg blood pressure data. Figure
6 shows the % CBF response to PaCO; in normotensive
animals (MABP = 150 mm Hg) where 100% CBF
represents normal blood flow at a PaCO; value of 40
mm Hg. The curve generated by the brain model (gray)
correlates very well (R? = 0.92) with the experimental
data for normotensive animals. The black curve repre-
sents our curve fit of Harper’s data (R? = 0.93). In the
hypotensive animals with a MABP of 100 mm Hg
(Figure 6), the brain model provides a steeper response
to PaCO, within the autoregulation limits than the
curve fit data, and the brain model’s response (gray) is
within the data range recorded by Harper and Glass
(R2 = (.70 for brain model, R? = (.78 for Harper and
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Glass). Finally the effects of PaCO, on CBF at a MABP
of 50 mm Hg can also be seen in Figure 6. Visually, the
brain model’s response (gray) is close to the curve fit
(black) of Harper and Glass’s data. The model’s low R?
value (0.0014) is explained by the large variance of the
experimental data collected (R? = 0.0165 for Harper
and Glass’s data).

During clinical evaluation in a simulated environment,
in several scenarios, ICP increased with laryngoscopy
from about 15 mm Hg to 38 mm Hg over about 30
seconds. The magnitude and response time of the
change of ICP for the brain model are within the range
(ICP peaking at 24—44 mm Hg after 25-63 s following
laryngoscopy) reported by Burney and Winn [17] start-
ing with an ICP of approximately 15 mm Hg.

DISGUSSION

The work to build an autoregulated brain simulator for
teaching and research has been underway for many
years [18, 19]. The brain model presented here differs
from these earlier efforts in that it is linked to a human
patient simulator that provides the model with physio-
logic parameters like PaCO,, MABP, CVP, temperature
and SaO»,. The clinician interacts with the simulator,
not a computer, to give pharmacologic, ventilatory and
hemodynamic support. The brain model, in turn, re-
sponds in real time to these interventions and displays
their effects on the brain.

Because experiments where multiple variables are
changing simultaneously are, by definition, uncon-
trolled experiments, there were no such experiments in
the literature that we could use to validate our model.
In effect, the third step of the validation, clinical
evaluation attempts to assess the behavior of the model
while multiple variables are changing simultaneously.
The model described here may facilitate providing
benchmark experiments where multiple variables change
simultaneously.

Clinicians are conventionally taught intracranial
pressure management using idealized depictions of in-
tracranial dynamics, such as Michenfelder’s curves.
Therefore, it was essential that the model match these
relationships [1] and the descriptive models commonly
used by clinicians who are educators in this area.
Although the validity of these curves has been ques-
tioned [20], the prevailing thought, as represented
in clinical text books, is consistent with our model.
The similar results obtained suggest that the dynamic
autoregulation mechanism we implemented was appro-
priate.

One limitation of the brain model can be seen at both

the lower and upper end of the autoregulatory curve in
Figure 5. The brain model shows a constant resistance at
both ends (straight lines passing through the origin)
while Michenfelder’s curve shows changing resistance
at both ends (curves not passing through the origin).
Based on fluid dynamics, we would anticipate a fixed
resistance as shown by the brain model. However, the
physiology of the intracranial vessels allows for partially
collapsed vessels at very low perfusion pressures causing
the CVR to increase slightly. Similarly, at extremely
high perfusion pressures, passive vascular dilation results
in a slight decrease in CVR causing the autoregulatory
curve to become steeper [6].

Another assumption that limits the model is Equa-
tion (2), CPP = MABP — ICP (or CVP). This is a valid
relationship in a static analysis but may not be so in a
dynamic one. Relatively poor correlation exists be-
tween short to moderate duration increases in CVP and
ICP [21]. We eclected to use Equation (2), however,
because other methods of calculating CPP would have
required numerous assumptions.

This version of the brain model lacks any direct
response to drugs. Thus, influences of inhalational anes-
thetics and other drugs, such as vasoconstrictors, vaso-
dilators, uncoupling of CMRO; from CBF, and de-
creasing CMRO; can not yet be demonstrated. These
limitations of the model, however, are not crippling.
The autoregulated brain model, when used with a
patient simulator, with incorporated CO; responsivity
and a variable oxygen extraction, automatically pro-
duces changes in CVR, CBF, CBV, and ICP consistent
with those reported in the literature and textbooks. It
can therefore be used to teach basic neuroanesthesia
concepts by allowing trainees to see inside the brain and
evaluate the results of their actions in real time. Future
development of the brain model, which includes incor-
porating the effects of drugs on brain perfusion and
metabolism, and modeling of special situations, such as
herniation and vasospasm, should enhance its utility.
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