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The cardiovascular effects resulting from an
acute elevation in cerebrospinal fluid (CSF) pres-
sure to levels higher than arterial blood pressure
were fully described by Cushing and are well
known (1, 2). However, the extent to which in-
tracranial blood flow is altered by moderate in-
creases in CSF pressure has not been fully clari-
fied. Using a plethysmographic method of meas-
uring cerebral blood flow in two subjects, Ferris
found a decrease in flow following acute eleva-
tion of the CSF pressure above 350 mmH20
(3). Kety, Shenkin, and Schmidt measured cere-
bral blood flow (nitrous oxide technique) in 13
patients and found that flow was uniformly de-
pressed in patients having a CSF pressure greater
than 450 mmH20 (4). On the other hand, Green,
Rapela, and Conrad recently stated, "Artificially
induced changes of cerebrospinal fluid pressure
have little effect on flow unless the pressure is
elevated above arterial pressure" (5). Similarly,
Williams and Lennox found that moderately ele-
vated levels of CSF pressure had no significant
effect on cerebral blood flow (6).

Since the results of the foregoing investigations
are conflicting, a quantitative evaluation of the
relation between the level of CSF pressure and
cerebral blood flow should be of interest. The pur-
pose of the present study was to measure the
effects of incremental increases in CSF pressure
on the human cerebral circulation.

* Submitted for publication February 10, 1965; ac-
cepted April 22, 1965.

Supported in part by a grant from the North Carolina
Heart Association (1964).

Presented in part at the annual meeting of the Academy
of Neurological Sciences, Key Biscayne, Fla., November
1964.

t Address requests for reprints to Dr. Joseph C.
Greenfield, Jr., Veterans Administration Hospital, Ful-
ton Street and Erwin Road, Durham, N. C.

Methods

The blood flow studies were carried out in 13 male pa-
tients who were undergoing surgical exposure of the caro-
tid artery so that an antitumor agent' could be infused
directly into the internal carotid artery. In each sub-
ject craniotomy and subtotal resection of a supratentorial
brain tumor had been performed from 10 to 14 days be-
fore the study. The histologic diagnoses were as fol-
lows: glioblastoma multiforme, five cases; astrocytoma,
seven cases; and oligodendroglioma, one case.

The surgical procedure on the neck was done with gen-
eral anesthesia (a mixture of halothane, 0.5%; nitrous
oxide, 49.5%; and oxygen, 50%o). The common carotid
and proximal portions of the external and internal carotid
arteries were exposed. A 10-cm long polyvinyl catheter 2
was inserted into the superior thyroid artery and advanced
until the tip was within the bifurcation of the common
carotid artery. The remaining branches of the external
carotid artery were then ligated. The probe of a Kolin-
Kado type electromagnetic flowmeter 3 (E.M.F.) (7) was
placed around the common carotid artery approximately 4
cm proximal to the bifurcation. A Crutchfield clamp4 was
also placed about this vessel distal to the E.M.F. probe.
The stem of the Crutchfield clamp, the polyvinyl cathe-
ter, and the E.M.F. probe leads were brought out
through the incision, which was closed in anatomic layers
with silk sutures. The experimental data were obtained
with the patient in the lateral recumbent position 2 to 8
hours after general anesthesia had been discontinued.
The patients were awake and had received no additional
medications before the study.

Blood flow was measured with the Kolin-Kado type
E.M.F. Both pulsatile and mean flows were recorded.
The time constant for the mean flow network was 3.5
seconds, and the frequency response of the E.M.F. was
flat ± 5% through at least 20 cycles per second. A zero
flow reference was obtained by temporarily occluding the
artery with the Crutchfield clamp. The E.M.F. was cali-
brated following each procedure by passing known quan-

1 S-112 (a chlorethylthioacetomide) was given in a dos-
age of 0.08 mg per kg body weight.

2 No. VX-044, Becton, Dickinson, Rutherford, N. J.
3 Model K-2000, Medicon, Los Angeles, Calif.
4A small surgical screw clamp used for gradual oc-

clusion of the carotid artery in the treatment of intra-
cranial aneurysms.
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tities of physiologic saline through the probe in a given
period of time. The calibration factor for the probes,
i.e., flow per unit E.M.F. signal, remained within a SD +
5.4% during the period of this study. Arterial pressure
was measured with a Statham P23Db strain gauge con-
nected directly to the polyvinyl catheter. The frequency
response of this system was flat ± 5% through 20 cycles
per second.

Two lumbar punctures were performed in the usual
manner with 18-gauge lumbar puncture needles at the
fourth lumbar and fifth lumbar interspaces, respectively.
One needle was connected to a Statham P23Db strain
gauge via a short plastic tube. The second needle was
connected to a bottle containing sterile Ringer's solution.
The level of the CSF pressure could then be controlled
by adjusting the height of this container. The zero ref-
erence for both arterial pressure and CSF pressure was
assumed to be at the level of the spinal axis. The fre-
quency response of this system was similar to that used
to measure arterial pressure.

An electrocardiogram, usually lead two, was recorded
throughout the procedure. Also in each patient an elec-
troencephalogram using a standard H run was obtained
during the procedure with needle electrodes in the scalp
and was recorded on an eight-channel electroencephalo-
graph.5

During the control period, in order to assess the physi-
ologic state of the subjects, brachial arterial samples were
drawn for measurement of Pco2 and arterial oxygen satu-
ration.6 Also, the cardiac output was obtained in the
control state by the indicator dilution technique.7 Indo-
cyanine green dye was injected into the median basillic
vein and sampled from the brachial artery. All record-
ing of data except for the electroencephalogram was car-
ried out on a direct writing oscillograph.8

After obtaining control readings, the CSF pressure was
altered by adjusting the height of the container of Ringer's
solution. Usually the level of CSF pressure was de-
creased to normal in those patients who had an elevated
initial pressure, i.e., "opening pressure." The CSF pres-
sure was then increased in increments of 100 to 200 mm
H20 during a 2- to 3-minute period to a level of ap-
proximately 1,000 mm H20. The time required to
achieve the maximal CSF pressure was approximately 5
minutes. This value was lower than the patient's dias-
tolic blood pressure in all cases. The CSF pressure was
maintained at its maximal elevation for 3 to 5 minutes
and then was gradually decreased to normal levels. Upon
completion of the study, the cancer chemotherapy drug
was infused, and the patients were returned to the oper-
ating room for removal of the Crutchfield clamp, E.M.F.
probe, and intra-arterial catheter.

In every subject mean and pulsatile values for CSF

5 Grass electroencephalograph, model SF-330P4, Quincy,
Mass.

6 Meter model 113, Instrumentation Laboratories, Bos-
ton, Mass.

7 Colson densitometer, Colson Corp., Elyria, Ohio.
8 Recorder model 850, Sanborn Co., Cambridge, Mass.

pressure, carotid blood pressure, and internal carotid
blood flow were obtained during the control state and
following each incremental change in CSF pressure.
These data were calculated as the average values meas-
ured in three to five consecutive cardiac cycles. Mean
values of both blood pressure and CSF pressure were ob-
tained by adding one-third of the respective pulse pressure
values to the diastolic pressure. Standard statistical
methods were employed in evaluating the data (8).

To further evaluate the pattern of filling of the intra-
cranial circulation during elevated CSF pressure, cerebral
angiography was carried out in three additional patients
both during control and increased CSF pressure induced
by infusion of Ringer's solution in the lumbar subarach-
noid space as described above. Serial lateral exposures
of the skull were made at 0.75-second intervals following
a rapid injection of 12 ml of 50% sodium diatrizoate 9 into
the right common carotid artery. The angiographic ex-
posures were made with an automatic film' changer 10
during a 20-second period. One injection of contrast
media was made at control CSF pressure and a second
injection made while the mean CSF pressure was ele-
vated to a level just under the patient's diastolic blood
pressure.

Results

Pertinent data obtained in these subjects before
altering the CSF pressure are given in Table I.
In 12 of the subjects the "opening," i.e., initial,
CSF pressure was elevated (mean 299 mmH),
SE + 22). The mean cardiac output for the
group was 6,662 cm3 per minute, SE + 320. The
arterial Pco2 and arterial oxygen saturation values
for the group were 38.9 mmHg, SE± 1.3, and
93.4%, SE + 0.5, respectively.

In eight subjects the CSF pressure was reduced
to normal levels. Blood flow was essentially un-
affected by this reduction in CSF pressure except
for patient W.McK. In this patient flow increased
15 cm3 per minute following CSF pressure reduc-
tion. The lowest CSF pressure in each subject
(Table II A, column 1) had a mean value of 190
mmH20, SE ± 13. At this CSF pressure level
the maximal value for flow in the internal carotid
artery, i.e., peak flow, had an average value of 7.1
cm3 per second, and the minimal value for for-
ward flow had an average value for the group of
1.5 cm3 per second (Table II A, column 2). The
mean value for flow was 201 cm3 per minute, SE ±
16. Average systolic and diastolic blood pressures
were 124 and 75 mmHg, respectively. Mean ar-
terial blood pressure was 92 mmHg, SE± 3, for

9 Hypaque, Winthrop Laboratories, New York, N. Y.
"0Elema-Sch6nander, Stockholm, Sweden.
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TABLE I

General data

(1) (2) (3) (4) (5)
Opening"
CSF Cardiac Arterial Arterial

Name Age pressure* output PcoI 02 saturation

years mmHiO cms/min mmHg %
K.P. 50 263 5,836 32.8 95.3
J. B. 72 222 4,520 38.0 93.0
0. P. 39 167 6,713 39.2 94.4
W. L. 36 300 7,051 36.8 94.0
L. A. 52 358 38.6 91.5
1. H. 63 303 5,510 35.5 91.5
G. H. 48 240 8,446 44.0 93.0
W. McK. 38 448 7,327
Z. L. 37 330 5,711 42.5 94.5
G. E. 37 426 6,956 48.0 95.0
K. B. 53 263 6,907 41.5 91.7
R. H. 48 330 6,892 36.0 93.2
C. W. 42 235 8,080 33.8 94.5

Mean 47 299 6,662 38.9 93.4
SE 4±3 - 22 =t 320 - 1.3 d 0.5

* CSF = cerebrospinal fluid.

the group (Table II A, column 3). Mean heart
rate was 93 beats per minute, SE + 3 (Table II A,
column 4). At a mean CSF pressure level of 380
mmH2O, SE + 11, flow for the group had de-
creased by approximately 4% to 193 cm3 per min-
ute, SE + 16 (Table II B, columns 5 and 6). At
this CSFpressure flow was significantly decreased
(p < .01) for the entire group. In Table II C, col-
umns 7 and 8, data are listed that were obtained
during moderate elevation of the CSF pressure.
The mean CSFpressure was 594 mmH20, SE +

16, and the mean flow was 171 cm8 per minute,
SE ± 14.

The last four columns in Table II contain data
obtained at the highest value of CSF pressure for
each patient. The mean value of CSF pressure
was 920 mmH20, SE + 46 (Table II D, column
9). At this CSF pressure level, the pulsatile flow
has an average maximal value of 6.4 cm3 per sec-
ond and a minimal of 0.6 cm3 per second. The
average flow for the group had a mean of 148 cm"
per minute, SE + 15 (Table II D, column 10),
representing a decrease of 25% from the control
flow. Both blood pressure and heart rate were es-
sentially unchanged during elevation of the CSF
pressure (see Table II D, columns 11 and 12, re-
spectively).

The effect of incremental increases in CSF
pressure on mean internal carotid arterial blood
flow is graphically illustrated in Figure 1. In this

Figure, values for CSF pressure divided by con-
trol CSF pressure appear on the abscissa, and
values for flow divided by control flow are given
on the ordinate. This graph was calculated by se-
lecting from each subject approximately ten values
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FIG. 1. RELATION BETWEENINTERNAL CAROTIDARTERIAL

BLOOD FLOWAND CEREBROSPINALFLUID (CSF) PREssURE.
The data were normalized by first dividing values of
both flow and CSF pressure by each patient's control val-
ues, and then clustering them in groups of ten along
both the ordinate and abscissa. The vertical bars repre-
sent the standard error. Note that flow tends to decrease
at 1.6 times the control CSF pressure, and at 1.8 times
control CSF pressure flow is significantly decreased
(p <.01). As described in the text the mean arterial
pressure remained constant during these measurements.
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TABLE II

Pressure and

A B

(1) (2) (3) (4) (5) (6)
CSF Blood flow Blood pressure Heart CSF Blood flow

Name pressure Max/mint Mean Syst/diastT Mean rate pressure Mean

mmH20 cms/sec cms/min mmHg beats/min mmH20 cm'/min
K. P. 263 10.4/1.7 207 124/84 97 90 412 202
J. B. 222 3.5/0.3 97 108/64 79 114 412 90
0. P. 167 4.6/0.6 194 132/88 103 98 303 184
W. L. 200 8.8/0 133 136/84 100 90 439 125
L. A. 127 8.3/2.1 244 144/92 109 110 358 230
I. H. 168 10.5/1.7 255 116/56 76 78 385 242
G. H. 140 8.5/2.6 287 128/80 96 90 358 277
W. McK. 140 8.1/2.7 229 132/58 79 84 381 216
Z. L. 195 7.3/1.7 173 118/78 92 70 340 167
G. E. 150 5.3/1.3 172 120/84 96 90 435 157
K. B. 263 5.2/1.4 277 114/80 91 102 371 270
R. H. 201 4.2/1.1 142 142/76 98 96 340 138
C. W. 235 7.0/2.5 206 104/60 75 102 407 203

Mean 190 7.1/1.5 201 124/75 92 93 380 193
SE i 13 i16 i 3 i 3 + 11 A 16

*A, data obtained at the lowest CSF pressure; B, CSF pressure and flow measurements obtained when flow first
significantly decreases; C, CSF pressure and flow measurements during moderate CSF pressure elevation; D, data ob-
tained at the highest CSFpressure.

t Max/min = maximal and minimal values of flow.
I Syst/diast = systolic and diastolic blood pressure.

for mean flow measured at different levels of CSF
pressure. To normalize the data, both CSF pres-
sure and flow values were divided by that particu-
lar subject's control CSF pressure and flow, re-
spectively. The data were then clustered along
both the abscissa and ordinate in groups of ten.
As can be seen in Figure 1, the flow is not sig-
nificantly altered until the CSF pressure is ap-
proximately 1.8 times the control value. Flow
then decreases as the CSF pressure rises. The
small vertical bars represent the standard error.

As described in the Methods section, the CSF
pressure was maintained at its highest level for
from 3 to 5 minutes in each patient. In nine pa-
tients the mean internal carotid arterial flow re-
mained essentially constant during this time. In
four subjects, however (Table II, patients W.L.,
I.H., G.H., and Z.L.), the flow increased slightly
(15 to 20 cm8 per second) during this time in
spite of a relatively constant CSF and blood pres-
sure. It should be noted that the values for flow
listed in Table II for these four subjects are the
lowest values obtained.

The lowest CSFpulse pressure had a mean value
for the group of 15 mmH20, SE + 2 (Table III,
column 2). This value was only 2.5%o of the mean

mmH2C
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FIG. 2. FROMTHE TOP DOWN:CSF PRESSURE,ARTERIAL
PRESSURE, AN4D PULSATILE FLOW. Note the similarity in
the contours of CSF pressure and arterial pressure. It
is apparent that at a mean CSF pressure of 950 mmH20,
there is no flow at the end of diastole.
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TABLE 11

flow data*

C D

(8) 1)( )

CSF Blowd CSF Blood flow Blood pressure 12)t
pressure Mean pressure Max/mint Mean Syst/diast* Mean rate

mmH20 cm'/min mmHI20 cm3/sec cm3/min mmHg beats/mix
548 186 820 6.9/1.4 171 132/84 100 84
657 69 885 2.9/0.3 49 108/68 82 114
657 174 1,038 4.0/0.1 146 128/88 101 100
625 120 1,119 7.7/0 85 120/84 96 90
500 212 1,174 6.5/0.6 161 148/96 113 110
630 204 810 9.5/1.0 194 120/60 80 82
603 247 1,038 9.2/0.8 238 136/84 101 86
589 210 644 7.6/1.9 208 132/58 79 84
521 125 1,038 6.6/0.7 120 120/80 93 74
598 156 707 150 120/84 96 96
521 215 984 5.0/0.3 175 116/82 93 102
680 112 950 4.1/0 103 142/76 98 102
591 189 750 6.2/1.0 129 100/60 73 102

594 171 920 6.4/0.6 148 124/77 93 94
A- 16 it 14 -- 46 it 15 it 3 -- 3

arterial pulse pressure of 663 mmH20, SE + 45 CSF pulse pressure showed a mean value of 236
(Table III, column 1). At the time that internal mmH20, SE + 31, or 36%o of the mean arterial

carotid arterial blood flow was significantly de- pulse pressure (Table III, column 4). In Figure
creased, the mean CSF pulse pressure was 73 mm 2 a marked resemblance between the carotid ar-
H20, SE ± 5 (Table III, column 3). The highest terial pressure pulse and the highest CSFpressure

TABLE III

Ration of CSFpulse pressure to arterial pulse pressure*

(3)
(1) (2) CSFpulse pres- (4)

Arterial Lowest CSF sure when flow Highest CSF
Name pulse pressure pulse pressure first decreases pulse pressure

mmH2) mmH2i mmH2) mmH2i
K. P. 544 8 68 129
J. B. 598 19 81 163
O. P. 598 14 68 299
W. L. 707 19 61 258
L. A. 707 7 54 217
I. H. 816 22 109 517
G. H. 652 8 81 367
W. McK. 1,006 7 40 115
Z. L. 544 27 68 245
G. E. 489 20 54 149
K. B. 462 14 95 218
R. H. 897 16 95 245
C. W. 598 16 81 150

Mean 663 15 73 236

SE ± 45 ± 2 ± 5 ± 31

* CSF pulse pressures in columns 2, 3, and 4 correspond to the mean CSF pressure data given in Table II, columns
1, 5, and 9, respectively.
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pulse is illustrated. Note that the upstroke of CSF
pressure pulse occurs approximately 0.08 second
after the carotid arterial pressure pulse.

During the entire procedure, the patients' level
of consciousness was unchanged and they remained
asymptomatic. No significant alterations occurred
in either the ECGor the EEGrecordings.

The cerebral angiographic studies carried out at
both normal and elevated CSF pressures clearly
demonstrated that although circulation of con-
trast media was somewhat retarded at the elevated
CSF pressure, the entire venous system filled ade-
quately. This included the cortical bridging veins
that drain into the superior sagittal sinus and the
deep cerebral veins (internal cerebral, basal vein of
Rosenthal), as well as those veins on the lateral
surface of the cerebral hemisphere (vein of Labbe,
middle cerebral vein, and so forth).

Discussion

Although the patients used in this series had sig-
nificant intracranial pathology, at the time of study
they were alert and had no striking neurologic
deficit. It is our contention that the conclusions
regarding the effect of increased CSF pressure on
internal carotid arterial flow are qualitatively ap-
plicable to the normal human subject.

It is difficult to compare the values of blood flow
measured with an electromagnetic flowmeter with
cerebral blood flow data obtained by other tech-
niques, since most other methods estimate total
cerebral blood flow per 100 g brain weight. How-
ever, in the absence of vascular disease, if the in-
ternal carotid artery can be assumed to carry one-
third of the arterial inflow to the brain (9), then
the average value for total cerebral blood flow in
our group was approximately 600 cm3 per min-
ute. This figure can be compared to a cerebral
blood flow of approximately 54 cm3 per minute per
100 g brain weight (700 cm3 per minute for an
average adult) computed by the nitrous oxide tech-
nique in normal subjects (10). In our patients, as
a result of the intracranial pathology, the flow may
be somewhat less than in normal subjects. Dur-
ing the control state a surprisingly large per cent
of the flow in the internal carotid artery was found
to be continuous or nonpulsatile in nature (Table
II A, column 2). The lowest value for forward
flow obtained in each patient had an average value

of 1.5 cm3 per second, or 90 cm3 per minute.
Thus, almost one-half of the total cerebral blood
flow is nonpulsatile. However, the relatively rapid
heart rate present in our patients may be partially
responsible for this finding. The high level of con-
tinuous flow noted in the internal carotid artery is
in contrast to flow in the human femoral artery, in
which forward flow is usually absent at the end of
diastole during the control state (11).

To evaluate the effects of increasing CSF pres-
sure on the carotid arterial blood flow, it must be
assumed that the changes in CSF pressure are
transmitted equally throughout the subarachnoid
space. In the present study, pressure within the
intracranial subarachnoid space was not measured.
However, Evans has shown an excellent correla-
tion between CSF pressure measured in the lum-
bar subarachnoid space and in the lateral ven-
tricle of man (12). Furthermore, recent studies
carried out in rhesus monkeys by Weinstein,
Langfitt, and Kassell demonstrated that pressure
in the intracranial subarachnoid space is similar
to that found in the lumbar subarachnoid space
following an increase in CSF pressure induced by
a technique similar to that used in our patients
(13). Thus, it seems reasonable to assume that
the increase in CSF pressure is distributed equally
throughout the subarachnoid space.

The data obtained in the present study clearly
demonstrate that in the human subject acute ele-
vation of CSF pressure to levels below the arterial
blood pressure results in a moderate decrease in
internal carotid arterial blood flow that persists for
at least 5 minutes. This finding is in agreement
with the previously noted studies of both Kety
and co-workers (4) and Ferris (3). In most pa-
tients the decrease in flow primarily occurs in the
continuous portion of flow, and the pulsatile flow
is relatively unaffected. Thus, the average peak
to nadir amplitudes of the flow pulse were 5.6
cm3 per second in the control state and 5.8 cm3
per second at the highest level of CSF pressure
(see Table II, columns 2 and 10).

The mechanical effects of increasing CSF pres-
sure on cerebral blood flow can be at least partially
explained by comparing the cerebral circulation to
a physical model consisting of a collapsible tube
enclosed within a rigid box as proposed by Kety
and co-workers (4). The flow rate through this
tube is proportional to the pressure drop between
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the inflow pressure and the pressure within the
box, provided this latter pressure is higher than the
outflow pressure. Furthermore, pressure within
the tube just proximal to the outflow end of the
tube will be equal to the surrounding pressure.

A more complete description of this physical model
and a discussion of the concepts of the "vascular
waterfall" as it may apply to the circulation in gen-

eral have been given by Permutt and Riley (14).
The major details of the cerebral circulation seem

to conform to the above model. Many of the veins
that drain the brain lie freely within the subarach-
noid space and would appear to be easily collapsi-
ble (15). To remain patent, pressure within these
veins must be at least equal to the surrounding CSF
pressure. It has been repeatedly demonstrated in
the experimental animal that an increase in CSF
pressure does not elevate pressure within the ve-

nous sinuses, and it is reasonable that this finding
would be applicable to man (13, 15). As the
CSFpressure is elevated, pressure within the sub-
arachnoid veins must increase or they will collapse.
Thus, a pressure drop will occur near the point of
entry of these veins into the venous sinuses. That
the veins are not collapsed was demonstrated in
our patients who were angiographically found to
have a normally dilated venous system even when
the CSF pressure was markedly elevated. In
earlier studies carried out on dogs, Wright ob-
served the confluence of the cortical veins and the
sagittal sinus through a "window" (16). He
noted that as the CSF pressure was raised the
small veins did not collapse until the systolic blood
pressure level was reached. Furthermore, a "cuff
constriction" appeared at the junction of these
veins with the sinus.

Thus, as a first approximation we may charac-
terize the cerebral circulation as containing two
major loci of resistance, one located at the arterio-
lar-capacity level and the other at the entrance of
the cerebral veins into the venous sinuses. Nor-
mally the latter probably has little effect on regu-

lating cerebral blood flow. However, as the CSF
pressure is increased, this area of resistance be-
comes the primary point of pressure drop within
the cerebral circulation. Furthermore, cerebral
blood flow will be reduced proportionately as the
effective pressure gradient, i.e., mean arterial
pressure minus the CSFpressure, is reduced.

It must be remembered that the flow measure-

ments obtained in this study are of the inflow to
the brain and do not reflect changes in the intra-
cranial distribution of flow. For example, the
cortical veins may be more collapsible than the
deeper vein structures such as the vein of Galen.
If this is true, then elevation in CSF pressure may
easily alter the normal pattern of distribution of
the cerebral blood flow.

A second pertinent finding was that in our group
flow was not significantly decreased until the CSF
pressure was elevated to approximately 1.8 times
the control pressure. This finding is also in keep-
ing with the results of Kety and co-workers (4)
and Ferris (3). In 13 patients, 12 of whom had
a diagnosis of brain tumor, Kety and co-workers
(4) found that in only those subjects in whom the
CSF pressure was greater than 450 mmH20 was
cerebral blood flow depressed. Similarly, Ferris
(3) noted in two subjects that flow was unchanged
until the CSF pressure was greater than 350 mm
H20. In explaining this finding, Kety and co-
workers (4) postulated that a compensatory rise
in arterial pressure occurs following increase in
intracranial pressure, and up to a critical level of
450 mmH20 this mechanism is sufficient to keep
the cerebral blood flow constant. However, in the
present study, no change occurred in either the ar-
terial blood pressure or heart rate during the acute
elevation of CSFpressure. Evans and co-workers
also previously found no change in arterial blood
pressure when the CSF pressure was acutely
raised to levels below diastolic blood pressure
(17). Thus, at these acutely increased CSF pres-
sure levels flow is not reduced to the point at which
hypertension occurs secondary to medullary is-
chemia. The existence of a critical level above
which the CSF pressure must rise before flow is
reduced may be partially explained by considering
the relation between the two major areas of cere-
bral blood flow resistance as described above. As
the CSF pressure rises, pressure within the cere-
bral veins within the subarachnoid space will also
rise; however, this can take place only by allowing
the pressure within the arterioles, i.e., approxi-
mately 400 mmH20, to be transferred gradually
to the veins. In this manner the normal pressure
drop at the arteriolar-capillary level will be oblit-
erated. Thus, a CSF pressure of approximately
400 mmH20 must be attained before the total re-
sistance to flow, normally present, is exceeded.

1349



JOSEPH C. GREENFIELD, JR., AND GEORGET. TINDALL

In the foregoing discussion, the effects of active
changes in cerebral vascular tone have not been
mentioned. Undoubtedly such changes may oc-
cur in response to increased CSF pressure. For
example, in four of these patients there was a
slight but definite tendency for blood flow to return
toward the control values despite a constant sus-
tained elevation in the CSF pressure. This find-
ing would imply that in these four patients there
was "autoregulation" of the cerebral circulation in
response to the increased pressure. In the re-
mainder of the patients no evidence of autoregula-
tion was observed. However, the maximal CSF
pressure levels were maintained for only 5 min-
utes, and we cannot project these findings to rule
out other adjustments in cerebral flow that may re-
sult from chronic CSF pressure elevation.

It should be noted that Pco2 values were not
obtained during the time at which the CSF pres-
sure was elevated. However, the lack of symp-
toms, and the fact that no change occurred in
either heart rate or blood pressure, would imply
that change in ventilation did not account for the
effects on flow noted in these patients.

The lack of symptoms associated with elevations
of the CSF pressure up to a mean level of 920 mm
H20 in the present study is consistent with the re-
sults of other investigators. Wolff (18, 19) re-
ported the absence of headache in four normal pa-
tients in whom the CSF pressure was artificially
raised to levels between 680 and 850 mmH20.
Evans and co-workers (17) state that "we have
elevated the intracranial pressure to 2000 mmof
saline without the subject's awareness of any sen-
sation."

The method used to increase the CSF pressure
in the present study produced a generalized in-
crease in pressure without displacement of the in-
tracranial structures. Thus, the experimental
situation is somewhat analogous to the clinical
state of generalized cerebral edema, but differs
from conditions in which the brain is also dis-
placed, such as various intracranial tumors.

Summary

1. With an electromagnetic flowmeter and a
pressure transducer, internal carotid arterial blood
flow and pressure were measured continuously in
13 awake patients during incremental increases in

cerebrospinal fluid (CSF) pressure to a level
slightly below each patient's diastolic blood pres-
sure.

2. The control value of mean flow for the group
was 201 cm3 per second (SE + 16) obtained at a
cerebrospinal fluid pressure of 190 mmH20 (SE
+ 13).

3. Flow became significantly decreased at a
CSFpressure of 380 mmH2O (SE + 11), and at
a CSFpressure of 920 mmH2O (SE ± 46) mean
flow averaged 25% less than the control value.

4. No change was observed in the blood pres-
sure, heart rate, electrocardiogram, or electroen-
cephalogram.

5. In four patients, slight autoregulation of flow
was found at the highest level of CSF pressure.

6. In three addition patients angiographic stud-
ies demonstrated that the cerebral veins lying
within the subarachnoid space are not collapsed at
a CSF pressure of 1,000 mmH20.
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