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Secondary brainstem hemorrhages are common and ostensibly the
immediate cause of death in many patients with supratentorial expand-
ing lesions. Owing largely to the difficulty in studying hemodynamic
phenomena after death, however, their pathogenesis remains obscure.
Not only are the sequential changes which precede these hemorrhages
unknown, but their primary site of bleeding has yet to be established.
Some investigators have maintained that such hemorrhages are due to
arterial rupture,’!! while others have insisted that they result from
disruption of veins,'®*® arteries and veins,?*22 or arterioles, capillaries,
and veins.?®

In order to obtain more precise information regarding this phenom-
enon an experimental model was designed wherein it would be possible
to reproduce these lesions under controlled conditions.

MATERIAL AND METHODS

Over 100 mongrel dogs (11 to 29 kg) were anesthetized with pentobarbitol sodium
(60 mg per kg body weight). A single 2 cm trephine hole was made at different sites
in the calvaria. A Foley catheter with a balloon was inserted into the subdural or
epidural space. The balloons were inflated in most experiments with water, and oc-
casionally with a radio-opaque solution. The location of the latter inflated bags was
checked radiologically. Balloons were expanded by continuous inflation or in gradual
increments. Some of the latter inflated bags were completely deflated between each
progressively larger increment. Balloons were inflated with a perfusion-withdrawal
pump to varied sizes (o to 25 ml), and at variable rates (0.0or7 ml per minute to
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58.2 ml per minute). The volume and situation of the intracranial balloon was checked
at the end of each experiment. The blood pressure, heart and respiratory rates were
monitored continuously during the experiments. Pupillary size and reaction to light
was recorded at regular intervals during balloon inflation. In some animals the
carotid or vertebral artery blood flow was determined using an electromagnetic
flow meter.

Brains were removed from the cranial cavity immediately after death without
perfusion and fixed in 10 per cent formaldehyde for 2 days. All brains were exam-
ined grossly and microscopically. The brainstem of each animal was embedded in
paraffin after being sectioned coronally through its entirety at a thickness of 0.5 cm.
All paraffin blocks were sectioned at a thickness of 10 u and stained with hematoxylin
and eosin. Representative sections were also stained with the techniques of Verhoeff-
Van Gieson, Masson trichrome, Wilder, periodic acid-Schiff (PAS),24 luxol fast
blue-PAS,25 and Lepehne-Pickworth.26 Serial sections of occasional brainstems were
examined after being cut at 7 u, and mounted in their entirety on 35 mm motion
picture film and stained with hematoxylin and eosin or PAS using the method of
Pickett, Greene and Sommer.27

The morphologic and sequential changes which preceded secondary brainstem
hemorrhages were studied in some animals sacrificed by instantaneous decapitation
at different stages of experiments.

REsuLTS

During the course of balloon inflation the systemic blood pressure
could generally be subdivided into 3 distinct phases, namely, an initial
period of relative blood pressure stability, a phase of hypertension and
a terminal period during which the blood pressure gradually fell to zero
(Graph 1). The degree of hypertension was directly proportional to
the rate of balloon inflation, being greatest with rapidly expanding le-
sions and least when the balloon was slowly inflated. Respirations gen-
erally increased prior to the hypertensive phase and then ceased, some-
times being preceded by periodic respiration. Pupillary dilatation was
initially almost invariably ipsilateral to the intracranial lesion and was
generally bilateral by the time the maximum blood pressure was reached.
The cerebral blood flow generally tended to parallel the systemic blood
pressure and often decreased substantially prior to the phase of hyper-
tension.

A direct relationship was established between the ensuing brainstem
lesion and the volume and rate of expansion of the intracranial balloon.
The accomplished volume of balloon inflation was related to the volume
of the intracranial cavity, the size of the dog and the rate and duration
of balloon inflation. Secondary brainstem hemorrhages (Fig. 1) could
be reproduced consistently only when the balloon was inflated in such a
manner that intracranial volumes of 5 to 17 ml were present prior to
the attainment of maximum blood pressure. When intracranial balloon
expansion continued and was retained throughout the hypertensive phase
no brainstem hemorrhages occurred. Under these circumstances trans-
verse ventral brainstem clefts were common (Fig. 2). Such clefts appar-
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ently resulted from the mechanical shearing of the brainstem during
downward displacement by the supratentorial mass as the degree of cleft
formation was directly proportional to the final volume of the inflated
balloon. Moreover, they were often absent with smaller intracranial
masses which had nevertheless been fatal. If the intracranial balloon was
partially or completely removed during the hypertensive phase, extensive
secondary brainstem hemorrhages invariably ensued provided that the
intracranial mass was more than 5 ml prior to the onset of decompression
(Figs. 3 and 4) (Text-fig. 1).

The balloon could often be inflated to volumes as large as 10 ml by
relatively slow expansions. Although such masses tended to be fatal they
did not produce midbrain or pontine hemorrhages (Fig. 5). With ex-
tremely rapid balloon inflation it was often possible to introduce more
than 20 ml into the cranial cavity prior to death. Under such circum-
stances the brainstem tended to be severely damaged as a result of me-
chanical displacement and compression. When the final intracranial
balloon volumes were less than 5 ml brainstem hemorrhages were not
observed unless there was an associated intracranial hemorrhage.

Experimentally produced secondary brainstem hemorrhages ranged
in severity from microscopic petechiae to extensive gross hemorrhages

Pupils : 2 : :
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vacuation of balloon reversible and not enhance
brainstem hemorrhages.

Tn

Evacuation of balloon irreversible and enhances brain-
stem hemorrhages.

Brainstem hemorrhages prevented by additional balloon
expansion.

TEXT-FIG. 1. Summary of experimental observations showing the period during which
secondary brainstem hemorrhages do not occur, as well as the phase when the production
of such lesions can be enhanced by balloon evacuation or prevented by additional enlarge-
ment of intracranial mass.

with considerable destruction of surrounding brain tissue. Although
hemorrhages manifested a predilection for the midbrain and pons
(Fig. 1) they commonly involved other areas such as the medulla ob-
longata, hypothalamus, thalamus and cerebellum when the intracranial
balloon was evacuated under circumstances which predisposed to hemor-
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rhages (Figs. 3, 4 and 6). Hemorrhages were frequently periarterial or
perivenous but were sometimes intimately related to capillaries. Vascular
engorgement of arteries, veins and capillaries was almost uniformly ob-
served within the involved areas. Occasionally the cerebral aqueduct was
obliterated by brainstem edema. A cellular reaction was invariably ab-
sent in the vicinity of the hemorrhages.

The sequential sacrifice of animals under circumstances which con-
sistently resulted in secondary brainstem hemorrhages revealed that
they occurred uniformly during the hypertensive phase, that venous con-
gestion was not a constant early phenomenon and that the site of initial
bleeding appeared to be dependent upon the volume of the intracranial
balloon, namely, with smaller volumes, capillary, while larger ones were
predominantly arterial but also venous and capillary.

" DiscUssION

The present investigation shows an apparent relationship between
the volume and rate of expansion of the intracranial mass and the pres-
ence or absence of secondary brainstem hemorrhages. In order for the
latter to become manifest the supratentorial mass must apparently reach
a threshold size by the time disturbances in the systemic blood pressure
become apparent. Should the size of the intracranial lesion pass beyond
this threshold, secondary brainstem hemorrhages do not normally occur
but can be induced readily by restoring the intracranial mass to within
the volume threshold.

Although the pathogenesis of secondary brainstem hemorrhages is
obscure most recent investigators generally agree that the phenomenon
is related to the displacement or compression of structures in the region
of the tentorial notch. A current popular hypothesis suggests that the
hemorrhages result from compression of veins draining the rostral brain-
stem.!®1%18.1% T support of this belief is the occasional observation of
venous congestion at the tentorial notch in patients with supratentorial
expanding lesions; the common association of microscopic venous con-
gestion with secondary brainstem hemorrhages; the perivenous situation
of many such hemorrhages; the occasional association of brainstem
edema with some secondary brainstem hemorrhages; the anatomic fact
that veins are thin-walled and hence more prone to compression or rup-
ture than the thicker-walled arteries; and the actuality that veins drain-
ing the upper brainstem can be compressed at the tentorial notch.

Some investigators have pointed out that the vast venous anastomoses
of the brainstem make it unlikely that venous obstruction per se can
cause more than venous congestion.’®?® Furthermore, the venous ob-
struction hypothesis has difficulty in explaining the variable incidence
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of secondary brainstem hemorrhages with different supratentorial ex-
panding lesions as well as other clinico-pathologic observations concern-
ing this phenomenon.

Dott and Blackwood * suggested that as the upper end of the basilar
artery is well anchored to the tentorial edge by its posterior cerebral
branches and via the posterior communicating arteries to the internal
carotid arteries fixed in the cavernous sinuses, a downward displacement
of the brainstem would cause the penetrating arteries to lie obliquely and
be elongated. They postulated that the tension during such a maneuver
to the terminal arterial branches would result either in vasospasm or in
active rupture of the vessel walls. Johnson and Yates ® produced evidence
to support such a hypothesis when they perfused the cerebral blood ves-
sels at necropsy with warm saline followed by 10 per cent silver iodide in
gelatin, The injected material was radiologically observed to find egress
from the terminal branches of the pontine arteries into the antemortem
brainstem hemorrhages and to flow alongside the arteries. The radio-
opaque material did not reach capillaries or venules. When such a tech-
nique was carried out in the absence of brainstem hemorrhages they did
not observe an escape of radio-opaque material.

The belief that secondary brainstem hemorrhages result from arterial
rupture is also supported by the periarterial situation of many hemor-
rhages, the fact that supratentorial expanding lesions may be associated
with an infarction in a similar site in the brainstem and the occasional
occurrence of arterial thromboses in the later lesions.!® Using this hy-
pothesis, it would be difficult to explain why some massive rapidly ex-
panding supratentorial lesions do not manifest brainstem hemorrhages,
and how slowly expanding intracranial lesions like cerebral gliomas can
cause marked displacements and distortion of brain structures and yet
not manifest secondary brainstem hemorrhages. It is generally well
known that slowly expanding lesions do not manifest secondary brain-
stem hemorrhages unless accompanied by a relatively sudden change in
intracranial hemodynamics.

Although the present study does not evaluate all factors which might
be cogent to the pathogenesis of secondary brainstem hemorrhages, it is
possible to offer a tentative hypothesis to explain the observations (Text-
fig. 2). The fact that secondary brainstem hemorrhages can consistently
be made to extend beyond regions having a particular venous drainage
strongly argues against the hypothesis that this vascular phenomenon
is secondary to venous obstruction. Furthermore, the observation that
evacuation of the intracranial mass during a critical period accentuates
the degree and distribution of secondary brainstem hemorrhages rather
than prevents them strongly suggests that the hemorrhages are depen-
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dent upon an active circulation and that they result from blood forced
in the usual direction of blood flow. It seems probable that an acute
rapidly expanding supratentorial lesion causes brainstem ischemia as it
displaces the latter structure downwards and that although blood vessels
may become severed death follows without brainstem hemorrhages, if

TEXT-FIG. 2. Schematic summary of a postulated explanation for the observed data. The
brainstem vasculature is shown with blood potentially reaching it from a rostral or caudal
direction and venous drainage likewise proceeding upwards or downwards (A). If a large
rapidly expanding supratentorial lesion displaces the brainstem downwards but results in
death during a period of brainstem ischemia, secondary brainstem hemorrhages will not
take place even if blood vessels are severed (B). Should such a supratentorial lesion, how-
ever, be evacuated after downward displacement of the brainstem but while the blood pres-
sure is maintained, brainstem blood flow will be restored and hemorrhages will ensue
through damaged blood vessels (C). If an acute rapidly expanding supratentorial lesion
displaces the brainstem downwards, traumatizing blood vessels, but permitting physiologic
restoration of brainstem blood flow, secondary brainstem hemorrhages will occur (D).

the brainstem blood flow is impeded. Should such a supratentorial lesion
be partially or completely evacuated, however, while the systemic blood
pressure is elevated, brainstem blood flow will be restored and hemor-
rhages ensue through the damaged vessels. If a rapidly expanding supra-
tentorial lesion displaces the brainstem downwards, damages blood ves-
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sels, and yet, permits physiologic restoration of brainstem blood flow,
hemorrhages will occur. Slowly expanding supratentorial lesions presum-
ably do not manifest secondary brainstem hemorrhages as they probably
result in gradual downward displacement and ischemia of the brainstem.
Furthermore, they do not appear to manifest the same capacity for rapid
restoration of cerebral blood flow, as mediated via the vasopressor re-
sponses, as acutely expanding masses.

SUMMARY

In order to obtain more precise information regarding secondary
brainstem hemorrhages an experimental model was designed wherein it
was possible to consistently reproduce secondary brainstem hemorrhages
under controlled conditions in the dog. The occurrence of secondary
brainstem hemorrhages coincided with alterations in the systemic blood
pressure and was apparently dependent upon the volume and rate of ex-
pansion of the intracranial lesion. The alleviation of intracranial pressure
during a particular period in physiologic decompensation invariably ac-
centuated brainstem hemorrhages and was often critical to their produc-
tion. Although the present study does not evaluate all factors which
might be cogent to the pathogenesis of secondary brainstem hemorrhages
the experimental data strongly suggests that the hemorrhages are depen-
dent upon an adequate blood flow through a downward displaced brain-
stem. The present study also demonstrates that supratentorial expanding
lesions may be fatal and yet not manifest secondary brainstem hemor-
rhages.
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GraPH 1. Blood pressure, respiration, relative pupil size and volume of intracranial
balloon during a representative experiment. Secondary brainstem hemorrhages were not
manifest in this animal.
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1. Coronal sections of the brainstem show secondary midline midbrain and
pontine hemorrhages in a representative experimental animal in which an intra-
cranial balloon was continuously inflated at 5.82 ml per minute to 7 ml and
maintained at that size until death. In this dog inflation ceased prior to the
attainment of maximum blood pressure. Secondary brainstem hemorrhages gen-
erally manifested a predilection for this location.

2. Brainstem sections from an animal in which balloon inflation continued un-
til death. In this particular dog the intracranial balloon was inflated to 18 ml at
5.82 ml per minute. The transverse ventral brainstem clefts, which apparently
resulted from the mechanical shearing of the brainstem during downward dis-
placement by the supratentorial mass, are unassociated with secondary brain-
stem hemorrhages.



I1c.

Fic.

3. Total evacuation of intracranial balloons during the hypertensive phase com-
monly results in hemorrhage in sites other than the brainstem. The cerebrum
here shows secondary hemorrhages within both thalami and adjacent structures
in a dog that had a subdural balloon continuously inflated at 5.82 ml per minute
to a volume of 12 ml and then completely deflated during the hypertensive
phase, at the same rate.

4. The brainstem from the same experimental animal shown in Figure 3. The
extensive nature that secondary brainstem hemorrhages may manifest following
evacuation of a large intracranial mass during the phase of physiologic decom-
pensation is shown.
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F1c. 5. No gross morphologic lesions are evident in this brainstem. Such a finding
was encountered if the intracranial balloon was inflated relatively slowly, or
when animals with intracranial masses were instantaneously sacrificed prior
to the attainment of a significantly elevated blood pressure.

Fic. 6. A sagittal section of the brain shows extensive secondary brainstem hemor-
rhages which are predominantly located within the midbrain and pons but which
are also present in the medulla, thalamus, hypothalamus and cerebellum. In this
particular animal 8 ml was inflated supratentorially at 5.82 ml per minute and
then withdrawn at the same rate.



