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3P Spectroscopy in Thrombolytic
Treatment of Experimental
Cerebral Infarct

Ischemic changes produced by autogenous clot embolization of intracranial arteries
were monitored by continuous surface-coil *'P spectroscopy in 12 rabbits: six were used
as controls and six were treated intravenously with tissue-type plasminogen activator.
The animals were sacrificed and the brains were fixed with intravital stains.

The results indicate that spectral changes are reversible only when thrombolysis
therapy is started within 30 min after ischemic changes are detected. The improvement
of the *'P spectrum correlated with postmortem changes.

Tissue-type plasminogen activator (tPA)* is a thrombolytic agent recently ap-
proved by the FDA for the treatment of coronary occlusions [1, 2]. Since it is a
naturally occurring agent that acts specifically on clots without inducing excessive
bleeding in normal tissues, it may be potentially useful in the treatment of thrombotic
disease of the cerebral arteries [3, 4]. It is known from experimental and clinical
trials that thrombolysis is effective when tPA is administered intravenously within
3 hr of clot occlusion [5-7]. Arteries in the brain, unlike coronary vessels, are end
arteries, unable to sustain prolonged ischemia because of the absence of collateral
circulation [8-10]. Therefore, irreversible damage from arterial occlusions occurs
much sooner in the brain than in the heart. Since conventional imaging techniques
usually do not detect changes until several hours after they occur, other, nonimag-
ing, methods must be used to monitor early ischemia [11-20]. The aim of this
study is to develop an experimental model of cerebral ischemia in which the
occlusions and effects of thrombolysis therapy may be evaluated by angiography,
1P spectroscopy, and postmortem intravital stains.

Materials and Methods

Twelve New Zealand white rabbits underwent carotid artery embolization with autogenous
clots: six rabbits were used as controls and six were treated with tPA. 3'P spectroscopy was
performed on a 20-cm-bore 1.9-T Oxford TMR with Larmor frequency of 32.5 MHz. Magnetic
field innomogeneities were reduced by maximizing the root mean square of the H' with shim
coils. We used a single-loop, double-tuned surface coil that measured 1 X 1.5 cm. The coil
was placed in the center of the magnet and the heads of the animals were manipulated so
that the hemisphere under evaluation was directly underneath. Spectral changes to a depth
corresponding to the radius of the coil were detected. In addition to brain changes, spectra
from the scalp and some from the contralateral hemisphere were also recorded.

To ascertain that a surface coil placed on the scalp recorded true brain spectra, a series
of comparison experiments was performed: spectra were obtained by placing the coil (1) on
the scalp, (2) on the skull after surgical removal of muscles, and (3) directly on the brain
surface after a craniectomy was performed. There were no detectable differences in the
appearance of the spectra from these locations. To optimize the sequences, different pulse
widths were tried. A pulse width of 20 usec was found to have adequate penetration through
the brain surface and produced a spectrum with optimal signal/noise ratio. A repetition time
of 2000 msec was selected, as it produced the best spectrum [16-18, 21]. At least 10 min

* Tissue-type plasminogen activator (tPA) supplied by Genentech, Inc., South San Francisco, CA.
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was required for the accumulation of data to produce an adequate
spectrum. Spectra were recorded continuously every 10 to 20 min
throughout the experiments.

Digital angiograms were recorded with an ADAC DPS4100 unit,
with one 0.6-mm focal spot, a 4.5- or 6-in. field of view, 4x magpnifi-
cation, and 512 X 512 X 8-bit digitalization of the video signal
produced by the TV camera. Selective angiography was performed
by using transfemoral catheterization with 3-French catheters. Doc-
umentation of catheter placement was confirmed with digital subtrac-
tion imaging at three frames/sec using pre- and postiodinated con-
trast images.

Autogenous clots were prepared by injecting a 5-ml syringe of
clotted blood through a 22-gauge needle into saline. The internal
diameter of 0.394 mm resulted in clots of less than 400 um. The
strings of clots were cut up into small fragments and washed several
times with saline until the supernatant fluid was clear. Clots sus-
pended in saline were placed in 2-ml syringes and injected in small
fractions every 10-15 sec through the catheter.

We administered tPA with an IV bolus of 0.5 mg/kg followed by
an infusion of 1 mg/kg/hr. We performed intravital tissue stainings
with 2-3-5- triphenyl tetrazolium chloride (TTC) by in vivo infusion
after cannulation of the right atrium [21]. Extensive craniectomies
were then performed and the brains were fixed in buffered formalin.
This stain was taken up by active mitochondria but not by ischemic
tissue.

The *'P spectra were analyzed by using the following criteria: the
amplitudes of the PCr, Pi, gamma, beta, and alpha peaks of adenosine
triphosphate (ATP) were determined. The areas under these peaks
were estimated by triangulation to determine the relative quantity of
these compounds [22]. The pH in each study was calculated by the
amount of chemical shift in parts per million (ppm) between the
inorganic phosphate intensity (Pi) and phosphocreatine (PCr) peaks.

The surface of the cerebral hemispheres were inspected after
intravital staining with TTC. Perfused regions took up the stain and
appeared red, whereas unperfused ischemic areas did not stain and
were pale.

Control Group (Six Animals)

Autogenous clots were injected directly into the internal carotid
artery in three animals and into the common carotid artery in the
remaining animals (Fig. 1). Repeat digital angiograms were obtained
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after each injection of emboli to monitor the extent of the occlusions.
Embolizations were considered successful when no vascularity was
detected in the entire hemisphere or in the portion supplied by the
middle cerebral artery. The animals were then transferred to the TMR
and *'P spectroscopy was performed continuously 90-180 min after
embolization. Spectroscopy was not possible earlier because of
transportation and set-up time. Angiography was repeated before
killing the animals to ensure that there was no recanalization of the
embolized vessels. The brains were then stained with intravital TTC.

Thrombolysis Group (Six Animals)

Group 1.—In three animals the internal or common carotid arteries
were catheterized. Emboli were injected and monitored the same
way as in the controls until the hemispheres showed a lack of
vascularity. The animals were transferred to the TMR, and continuous
1P spectra were obtained as soon as possible (usually 60-80 min
after embolization). Thrombolysis was started as soon as the first
spectrum was available and demonstrated ischemia. No baseline *'P
was obtained in these animals. Treatment was continued for up to
240 min, when a repeat angiogram was performed prior to sacrifice.

Group 2.—Three animals were placed in the TMR scanner imme-
diately after catheterization of the common carotid artery, and base-
line and continuous spectra were obtained. The emboli were injected
repeatedly, with the same amount and at the same rate as in the
controls, every 10 min until an abnormal ®'P spectrum was obtained,
at which time the embolization was terminated. After the next se-
quential *'P spectrum confirmed ischemia, tPA infusion was started.
This treatment was continued until 3'P spectra returned partially or
completely to normal. The animals were removed from the scanner
and a repeat angiogram was performed to show the degree of
recanalization achieved prior to sacrifice (Fig. 2).

Results
Control Group (*'P Spectra)

There was progressive increase of Pi with time. Initially, the
PCr was maintained relatively high but dropped dramatically
after 120 min. There were corresponding changes in the Pi/
PCr ratios.

Fig. 1.—Anteroposterior view of internal ca-
rotid injection.

A, Normal internal carotid with cross filling of
contralateral and vertebrobasilar circulations.

B, After embolization. Note occlusion of prox-
imal middle cerebral artery (short arrows, A and
B). Posterior circulation fills via posterior com-
municating artery. Internal carotid (long arrows,
A and B); middle cerebral artery (short arrows,
A and B); anterior cerebral artery (open arrow,
A); basilar artery (arrowheads, A); O =
ophthalmic artery.



AJNR:10, January/February 1989

The degree of ischemia, as shown by the lack of brain
parenchyma staining with TTC, was extremely variable, in-
volving the entire hemisphere in one case (Fig. 3) and multiple
areas in the middle cerebral artery region in four cases (with
additional involvement of the posterior circulation in one other
case) (Fig. 4).

Thrombolysis Group (*'P Spectra)

Group 1.—There was no reversal of the ischemic changes
(Fig. 5). The ischemic areas shown in the TTC-stained tissue
sections were very similar to those seen in the control group.

Group 2.—The baseline PCr/Pi was approximately 2 (+
0.15). Total reversal of *'P spectra was achieved in one animal
(Fig. 6); in the other two animals, there was partial reversal of

Fig. 2.—Anteroposterior view of common ca-
rotid injection.

A, After embolization there is occlusion of
carotid bifurcation. Proximal portion of carotid
artery is patent (arrowheads). Note occlusion of
a number of external branches.

B, Right distal carotid (long arrow), middle
(short arrows), and internal carotid (arrowheads)
arteries have recanalized after tPA infusion.

Fig. 3.—View of TTC-stained brain seen from
top. Lack of staining of entire left hemisphere
and portions of right hemisphere indicates in-
farcts in these regions (after embolization).

Fig. 4.—View of TTC-stained brain seen from
top. Lack of staining of both hemispheres with
some preservation at junctional regions (after
embolization).
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3P spectra (Fig. 7). Ischemic areas were demonstrated in all
three animals in the TTC-stained brains, and were less exten-
sive in distribution than in the control group (Fig. 8).

Discussion

Brain storage of high-energy PCr is interchangeable with
ATP, which is required for cerebral metabolism. During normal
aerobic activity, ATP is produced within the mitochondria by
oxidative phosphorylation. When oxygen is unavailable during
anoxia or ischemia, anaerobic metabolism is necessary. This
mechanism is, however, inefficient and the ATP required for
net metabolism has to be supplemented by depletion of the
PCr pool. Metabolic by-products of this activity are Pi and
lactic acid, which result in metabolic acidosis (Fig. 9) [23]. *'P
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100 MIN POST TPA
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Fig. 5.—°'P spectra. Severe ischemia caused by embolization is shown
by increased Pi and decreased PCr (60 min after embolization). ATP levels
are normal. These changes remain constant 60 and 100 min after tPA
infusion. (tPA started 60 min after embolization. Thrombolysis, group 1.)
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Fig. 6.—Top, Ischemic changes are shown 20 min after embolization
with reversal of Pi/PCr ratio. ATP remains unchanged.

Bottom, Reversal of Pi/PCr ratio 50 min after embolization, became
normal 18 min after tPA infusion. (tPA infusion started as soon as *'P
ischemia was detected. Thrombolysis, group 2.)
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Fig. 7.—Top, Ischemic changes are shown 20 min after embolization
with reversal of Pi/PCr ratio. ATP remains normal.

Bottom, Partial reversal of Pi/PCr ratio, remains unchanged 90 min after
tPA infusion. (tPA infusion started as soon as *'P ischemia was detected.
Thrombolysis, group 2.)

spectroscopy monitors directly the PCr, Pi, and ATP, and,
indirectly, the intracellular pH of the brain [15, 16, 22, 23].

The *'P spectrum is formed by the relative precessional
frequencies of the different energy phosphates detectable by
MR imaging. The frequencies are determined by the electronic
environment surrounding the individual nuclei. The Larmor
frequency of phosphorus at 1.9 T is approximately 32.5 MHz.
The frequency of Pi is approximately 9 ppm downfield from
PCr, whereas ATP has three separate frequency peaks cor-
responding to the gamma, alpha, and beta phosphorus nuclei
of ATP with chemical shift of —2.6, —7.7, and —16.5 ppm,
respectively, relative (upfield) to PCr. The chemical shift or
differences in resonance frequencies of Pi relative to PCr are
related to the intracellular pH.

The area under the *'P peaks is proportional to the quantity
of phosphate compounds detectable by MR imaging and is
estimated by the triangulated areas below these peaks [22].
Normally, in brain *'P spectra, the quantity of Pi is less than
half that of PCr (PCr/Pi<2), which in turn is roughly twice the
sum total of the three peaks of ATP (PCr/ATP = 1.93 +£ 0.12)
[24, 25]. During ischemia, when there is a rise of the Pi, there
is initially a decrease of the PCr level. The ATP levels decrease
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Fig. 8.—TTC-stained rabbit brain, top view (4)
and left lateral view (B), shows only a small area
of poor staining in distribution of middle cerebral
artery. Right hemisphere is normal. (Thrombo-
lysis, group 2.)
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Fig. 9.—Metabolic pathway.

A, Normal aerobic metabolism produces 32
units of ATP, which is then stored as high-energy
phosphocreatine. Anaerobic metabolism pro- PCr
duces only 2 units of ATP but a considerable 1 l

amount of lactic acid, causing acidosis.

B, During anaerobic metabolism, the phos-
phocreatine pool is depleted and inorganic phos- ATP
phates (Pi) are produced.

B

only when the PCr pool begins to be depleted. At this stage,
the changes are irreversible and death occurs.

Embolization

The rabbit was chosen because human tPA is 60% effective
in this experimental animal [26]. The carotid circulation in the
rabbit consists of an extensive network of external circulation
and small internal carotid arteries [26-28]. The circle of Willis
is prominent, however, and allows free communication be-
tween the carotid and vertebral basilar circulations. While a
large embolus within the cervical portion of the internal carotid
artery of a human patient often gives rise to severe infarcts
of the cerebral hemispheres, a similarly located experimental
embolus in the rabbit usually produces no detectable ischemic
%P spectral changes because of the effective cross flow
within the circle of Willis. The infarcts that are produced by
such proximal occlusions tend to be small and inconsistent in
size and distribution. Because of the unpredictable nature of
the infarcts produced by this technique, we chose to deliver

Lactic Acid

pH

PHOSPHATE POOL

~¢——3[Inorganic Phosphate (Pi)]

small emboli more selectively. Clots less than 400 um were
injected through catheters selectively placed in the internal
carotid arteries. Because of the small caliber of these vessels
relative to the catheter, the arteries were invariably occluded
and the air that accumulated within the catheter during the
course of selective catheterization could not be purged prior
to embolization, resulting in immediate death in several ani-
mals. This can be avoided by catheterization of the larger
common carotid arteries and nonselective embolization. The
cerebral flow carries the small emboli into the peripheral
branches of the anterior and middle cerebral circulations and
produces large infarcts, involving one or both hemispheres
[29].

Sensitivity

The surface coil used in this study is designed so that it
corresponds as closely as possible to the configuration and
size of the cerebral hemispheres. In spite of this, a small
amount of signal from the contralateral hemisphere is detect-
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able. Unfortunately, since the coil covers a substantial portion
of the underlying cerebral hemisphere, the technique is not
very sensitive, and large areas of ischemia have to be present
before *'P spectra changes are detected. Likewise, reversal
of the *'P spectra to normal does not imply complete reversal
of the pathologic changes, and substantial areas of ischemia
may still be present. In general, the ischemic changes shown
on TTC-stained brains correlate well with the degree of *'P
spectral reversal after tPA treatment.

Time

Our angiographic data confirm that tPA is effective in re-
opening cerebral arteries at any time after embolization [29].
An increase in Pi is detected in the *'P spectra as early as 20
min after embolization (thrombolysis, group 2), followed
shortly by a decrease in the PCr and an increase in the Pi/
PCr ratio, which becomes most pronounced 1-2 hr later
(control group). All untreated animals died within 2-3 hr, when
the ATP pool was depleted. All treated animals survived.
Reversal of *'P changes probably indicates a decrease in the
volume of ischemia and, on the basis of three animal studies,
only occurs when tPA is administered within 30 min after
embolization. It should be realized, however, that these
changes are merely a qualitative indication of the effective-
ness of tPA treatment. It is not quantitative because of the
relative insensitivity of the methodology and the inconstant
degree of ischemia created initially. The exact dosage needed
for thrombolysis is also unknown: the amount given is extrap-
olated from data available from human studies of coronary
arteries and may not be optimal for cerebral thrombolysis.

If the animal data can be extrapolated to human cerebral
arterial occlusions, tPA may potentially be used in treating
iatrogenically produced emboli during angiography.
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