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ABSTRACT Subarachnoid hemorrhage may be compli-
cated by cerebral ischemia which, though reversible initially,
can progress to an irreversible neurological deficit. 3P mag-
netic resonance spectroscopy, which can determine intracellu-
lar pH and thus detect areas of ischemia noninvasively, was
applied to 10 patients on 30 occasions, at various times after
subarachnoid hemorrhage. In 5 of them, there were focal areas
of the brain in which the intracellular pH was reduced to <6.8
compared with the normal range of 7.05 + 0.05. Consciousness
was impaired in 4 of these patients. Repeat studies in these 4
patients showed that intracellular pH remained abnormally
low for several days but eventually returned toward normal.
The return of intracellular pH to normal paralleled an im-
provement in clinical condition in each case. In the fifth patient
with lowered regions of intracellular pH, there had been an
impaired level of consciousness and a transient focal deficit
prior to the single study. In the other 5 patients there were no
areas of reduced pH; even though in 3 of them there was
intraventricular or cisternal blood shown on brain computer-
ized tomography. In 2 of these 3 patients there were no
abnormal neurological signs at the time of the magnetic reso-
nance study. The third patient had a dense and persistent
hemiparesis. The remaining two patients had no abnormal
neurological signs at any stage. We suggest that the areas of
acidosis may reflect ischemia which is potentially reversible.
Since the technique is noninvasive, sequential 3P magnetic
resonance spectroscopy of the brain offers a method of detect-
ing cerebral ischemia and, more importantly, of assessing
methods of treatment.

Subarachnoid hemorrhage (SAH) due to a ruptured intracra-
nial aneurysm has an annual incidence of 7-16 per 100,000
population in the western world (1-4). As many as 40% of
these patients die too soon after the acute event to reach the
hospital (5), and <60% of the survivors will return to their
premorbid state (6). Cerebral ischemia and rebleeding are the
major causes of mortality and morbidity. Rebleeding may be
prevented by early operation, but cerebral ischemia is much
more difficult to prevent or treat (7). If acute ischemic
neurological deficits present at the time of the SAH become
irreversible, they are probably the major cause of early
mortality. In 30-40% of patients, delayed ischemic neuro-
logical deficits may develop, usually after 3 days (6). These
abnormalities have been variously attributed to ischemia
secondary to vasospasm, local effects of clot, hydrocephalus,
or electrolyte abnormalities. Delayed ischemia may be re-
versible, since some patients, after a period of diminished
consciousness even with focal neurological signs, recover
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without any permanent neurological deficit. The ability to
detect regions of reversible ischemia, either acute or delayed,
would be of considerable benefit in planning and assessing
therapy. Infarcted brain can be detected by computerized
tomography (CT) or magnetic resonance (MR) imaging. Con-
ventional MR imaging has been shown to demonstrate in-
farcts earlier than CT (8), but lesions have to be at least
several hours old if not days. Neither technique has been
clearly shown to detect areas of ischemia. The lesions
demonstrated are probably infarcts. As a recent editorial (9)
pointed out, there are no seriously proposed treatments for
dead brain.

3P MR spectroscopy has been used to quantify tissue
levels of phosphocreatine (PCr), adenosine triphosphate
(ATP), phosphomonoesters, and phosphodiesters and intra-
cellular pH (pH)). In animal models cerebral ischemia causes
pHi to fall. If the brain is reperfused within 20-30 min, there
is recovery of phosphorus metabolites and electrical activity.
When cells are irreversibly dead the pH; has been shown to
be more alkaline than in normal brain. Studies of established
stroke in humans have confirmed that pH; is also more
alkaline in the affected brain (10-12). Thus, spatially resolved
spectra of the brain, obtained noninvasively, can be used to
detect sequential changes in high-energy phosphorus metab-
olism and pHi; resulting from ischemia or hypoxia.

We report here the results obtained in 30 separate studies
on 10 patients after SAH. Intracellular acidosis, a marker of
cerebral ischemia, was demonstrated in 5 patients, and its
natural history was followed over time. The resolution of
biochemical abnormalities so detected was shown to parallel
improvements in clinical state.

METHODS AND PATIENTS

Methods. 3P MR spectra were acquired with a 1.9-T,
60-cm clear-bore superconducting magnet (Oxford Magnet
Technology, Oxford, U.K.) interfaced with a Bruker Biospec
spectrometer. Patients lay supine on a couch and a double
surface coil made from copper wire (4 mm thick), with
separate transmitter (15-cm diameter) and receiver (6.25-cm
diameter) coils (13), tuned for phosphorus at 32.701 MHz,
was placed 5 cm above the midpoint between a line between
the lateral canthus of the eye and the tragus of the ear. In all
studies the magnetic field homogeneity was first optimized by
using the proton signal from the region of brain to be studied.

Spatial localization was achieved with the phase-modulated
rotating-frame imaging technique (14-16). The data obtained

Abbreviations: SAH, subarachnoid hemorrhage; MR, magnetic res-
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PCr, phosphocreatine; pH;, intracellular pH.

§To whom reprint requests should be addressed.



1904 Medical Sciences: Brooke et al.

represent the 31P spectra from biconvex slices of tissue, 8~10
mm thick and 6 cm in diameter to a depth of 6 cm from the
probe surface. The pH; at different depths were calculated
from the chemical shift of inorganic phosphate (P;) from PCr
(17). A phantom was incorporated in the coil to allow calibra-
tion of depths from the surface of the probe. Signal from the
first 2-2.5 cm from the probe is derived from skin, skeletal
muscle, and bone and that from 2.5-6 cm is from brain.
The relative concentrations of PCr, P;, and y phosphate of
ATP were calculated from the areas of the appropriate peaks.
A line-fitting routine (GLINFIT, Bruker) was used to measure
areas of the peaks in the phosphorus spectra at selected
depths. As there are problems in calculating absolute con-
centrations of metabolites from phosphorus spectra obtained
using surface coils, metabolites are presented as ratios (18).
Analysis of variance and post-hoc tests (Fisher’s probable
least significant difference and Scheffe F test) were used to
test for significant differences between groups.
Patients. Ten patients were studied after SAH (Table 1)
(19). Delayed operative treatment was planned for all cases.
The study was approved by the local ethics committee. The
timing and duration of the MR spectroscopy study were
inevitably variable between patients because of consider-
ations relating to their clinical state and, on occasion, be-
cause of reservation on the part of relatives.

Proc. Natl. Acad. Sci. USA 91 (1994)

RESULTS

Control Studies. In 42 normal subjects over an age range of
22-75 years (average, 46), pH; measured over the temporo-
parietal, frontal, and occipital lobes was tightly maintained at
7.05 = 0.05 at depths of 2-6 cm from the probe. For the
statistical analyses only those controls from whom data were
derived from the temporoparietal region were used (n = 14).

Patient Studies. Depressed levels of consciousness were
observed in patients 1, 3, 4, and 5, but all recovered com-
pletely over periods ranging from 4 to 12 days. Brain CT in
patients 1, 3, and 5 excluded rebleeding or gross hydroceph-
alus and showed no areas of low density. In all 4 patients,
abnormally low pH; was detected at the times of depressed
consciousness. The abnormal areas were detected between 3
and 6 cm from the probe surface. The anatomical location of
the slices is discussed below.

Data from patient 1 are compared with data from a normal
subject in Fig. 1. The complete data set consists of a contour
plot in which the contour lines represent intensity of signal,
the horizontal axis the chemical shift (which determines the
chemical identity of an individual peak), and the vertical axis
represents depth into the tissue. The horizontal axis in a
phosphorus spectrum of the brain has peaks from the a, B,
and y phosphates of ATP; PCr; phosphodiesters, phos-
phomonoesters, and P;. For clarity, only the peaks between

Table 1. Summary of clinical, radiological, and MR spectroscopy findings
Age, MR spectrum
Patient Sex years Grade* Clinical findings CT findings abnormality Angiographic findings
1 F 63 I Became unconscious on Left sylvian fissure and Yes Aneurysm, right
day 5 and improved intraventricular internal carotid
by day 16. blood. artery.
2 F 36 II Became confused with No blood seen. Yes (i) Severe spasm,
focal signs after right internal
angiography. carotid artery; (ii)
Resolved in 8 hr. aneurysm, right
posterior
communicating
artery.
3 F 67 I Intermittently very Intraventricular and Yes Spastic vessels;
confused. Improved subarachnoid blood aneurysm, left
by day 9. in both parietal middle cerebral
regions. artery.

4 F 63 1 Intermittently confused; No CT. Yes No abnormality.

hyponatremia.

5 M 56 11 Deterioration in level of Blood in basal cisterns Yes Aneurysm, right and

consciousness, days and sylvian fissures. left middle cerebral
2-10. Confused. artery (right > left).
6 M 43 v Dense hemiparesis and Left sylvian fissure, No Died, no angiogram.
aphasic. No intraparenchymal,
recovery. and intraventricular
blood.

7 M 20 1 Remained well. No CT. No Aneurysm, anterior
communicating
artery.

8 M 46 1 Remained well. No CT. No Aneurysm, anterior
communicating
artery; mild spasm,
left anterior
cerebral artery.

9 F 62 I Remained well. Cisternal and No No abnormality.

intraventricular
blood.

10 M 55 I Deteriorated due to Subarachnoid and Yes (1 pH) Aneurysm, anterior
obstructive intraventricular communicating
hydrocephalus. blood. artery.

Hydrocephalus.

*Hunt and Hess grade (19).
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Fi1G. 1. (Upper) Contour plot of patient 1 on day 8. The contour
plot was generated by connecting points of equal intensity in the
image analogous to altitude on a map. The horizontal axis represents
chemical shift (ppm, parts per million), and the vertical axis repre-
sents depth (cm) from the probe. The level of the lowest intensity in
the contour plot was set to be above the noise level in the data. The
intensity of signal decreases with depth due to the inherent decrease
in sensitivity of the surface coil. The plot shows the distribution of
metabolites in a cylinder of tissue 6 cm in diameter and 6 cm in depth.
The PCr peak is seen to follow a straight line through the matrix. The
P; peak, however, bends towards the PCr peak, implying a decrease
in pH;. Deeper into the brain, two P; peaks (Pi 1 and Pi 2) at different
pHi; are seen. (Lower) Normal contour plot. The separation between
the PCr and P; peaks remains the same with depth. There is virtually
no spatial variation in pH; in the brain.

PCr and phosphomonoesters are shown in Fig. 1. Whereas
the PCr peak in each spectrum follows a vertical line through
the data matrix, as does the P; peak in the spectrum from the
normal subject, the P; peak in the patient moves closer to the
PCr at a depth of 3 cm. This is due to the effect of low pH;
reducing the chemical shift difference between PCr and P;.
The P; peak then splits into two components implying two
phosphate pools with differing pH;, one much more acid.
Repeat studies were performed in all four cases (Table 2).
In every case reduction in GCS (20) was associated with
detection of areas of intracellular acidosis. For example, the
GCS of patient 1 was 15 on admission, when the CT scan
showed most subarachnoid blood in the left sylvian fissure.
Between days 8 and 11, when the GCS reached a minimum
of 3, pH; values of 6.58—6.93 were found at depths of 3—-6 cm.
By day 38 when the GCS had returned to 15, the pH; in the
previously abnormal area was recorded at 6.92-7.14. It is of
interest that the acidosis in this patient was most pronounced
in the left hemisphere. The CT on admission had demon-
strated most blood in the left sylvian fissure, whereas an
angiogram later showed the aneurysm to be arising from the
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Table 2. Relationship of pHi; to level of consciousness and time

Days after Side Average pH;
Patient SAH examined GCS* 3-4.5cm' 5-6cm'
1 8 Left 7 6.87 6.83
10 Left 9 6.95 6.83
12 Left 10 6.88 6.58
16 Right 11 6.99 6.89
38 Left 15 7.13 —
3 3 Left 15 7.09 6.88
3 Right 15 7.07 6.99
5 Left 13 6.90 6.79
5 Right 13 6.99 6.92
10 Left 15 7.00 7.04
10 Right 15 7.00 7.01
4 3 Left 15 7.00 6.58
5 Right 15 6.95 6.75
6 Right 14 6.89 6.92
9 Left 14 6.89 6.86
11 Right 15 7.01 7.06
5 2 Left 7 6.93 6.91
3 Left 13 6.99 6.79
6 Right 14 6.97 6.98
13 Left 15 7.01 6.98
13 Right 15 7.16 7.01
*Glasgow Coma Scale.
TDepth from probe.

right internal carotid bifurcation. In case 5, the GCS was
lowest (7) on day 2, when the minimum pH; was 6.72 at 4 cm,
and rose to 15 on day 13 when the pH; was 6.97-7.10. In both
other patients (nos. 3 and 4) abnormal GCS values were
always associated with areas of acidosis in one or the other
hemisphere. In three of the four patients in this group, one or
more MR spectroscopy studies showed a split P; peak,
implying heterogeneity of pH; in the affected white matter.

In contrast to the above group, patient 6, who had acute
ischemic neurological deficits (a dense hemiparesis and apha-
sia, secondary to massive intracerebral and intraventricular
extension of subarachnoid blood), showed no areas of aci-
dosis in the spectra. Intraventricular clot complicated the
situation with patients 9 and 10. In patient 9, who had a
normal level of consciousness at the time of study, MR
spectra were normal. Patient 10 developed secondary ob-
structive hydrocephalus requiring shunting 5 days after the
bleed. The MR spectroscopy study performed when his
conscious level had returned to normal after shunting re-
vealed only an area of alkalosis (pH; 7.19), which is likely to
reflect cell death rather than ischemia (see Discussion).

In the other two patients (nos. 7 and 8) in whom no
neurological abnormality was detected at any time, no ab-
normalities were detected in pH; on repeated MR spectros-
copy examinations.

For purposes of statistical comparison, we divided studies
into those performed when the level of consciousness was
normal (nLOC) and those when it was abnormal (abLOC)
(Table 3). Since sequential studies were performed in some
patients, different studies from the same patient were in-
cluded in the group corresponding to their level of conscious-
ness. We compared the patient data with the values obtained
from controls in our laboratory. There was a statistically
significant difference in the pH; between abLOC and both
nLOC and controls at depths of 3, 4, and 5 cm. There were
no significant differences between controls and nLOC. The
Pi/ATP y-phosphate ratio was higher in abLOC, though this
difference failed to reach significance (P = 0.07 by ANOVA).

DISCUSSION

These studies show that persistent and marked acidosis can
be demonstrated in parts of the brain for several days
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Table 3. Summary of results

Depth Controls nLOC abLOC
pHi
2 7.07 = 0.01 7.02 = 0.01 7.05 + 0.02
3 7.06 = 0.02 7.04 + 0.02 6.96 + 0.02*
4 7.05 = 0.02 7.02 = 0.02 6.94 = 0.02*
5 7.04 = 0.01 6.96 = 0.04 6.85 + 0.03*
Pi/ATP vy phosphate
2 0.80 = 0.08 0.61 * 0.06 0.78 = 0.15
3 0.43 + 0.06 0.55 = 0.09 0.57 = 0.05
4 0.37 = 0.02 0.54 = 0.08 0.61 = 0.09
5 0.36 + 0.05 0.52 = 0.07 0.46 * 0.06
PCr/ATP y phosphate
2 2.73 £0.23 2.28 £ 0.17 2.46 + 0.30
3 1.46 + 0.14 1.47 £ 0.10 1.60 = 0.15
4 1.21 + 0.05 1.53 = 0.12F 1.57 = 0.11%
5 1.32 £ 0.11 1.70 = 0.15% 1.37 £ 0.16
PCr/P;
2 3.84 £ 0.25 4.20 + 0.35 4.26 + 1.12
3 3.75 £ 0.27 3.52 £ 0.51 3.14 £ 0.42
4 3.46 = 0.29 3.95 £ 0.55 3.10 £ 0.32
5 4.67 = 0.83 4.02 £ 0.35 3.63 = 0.84
No. of studies
14 17 13

Depth: 2 (2-2.99 cm from probe) contains mostly skeletal muscle.
3,4, and 5 (3-3.99, 4-4.99, and 5-5.99 cm, respectively, from probe)
contain brain. nLOC, patients post-SAH with normal level of con-
sciousness; abLOC, patients post-SAH with abnormal level of
consciousness.

*Differences between abLOC, nLOC, and controls significant by
ANOVA (P = 0.001). abLOC significantly different from nLOC and
controls by Scheffe F-test (P < 0.05). Differences between nLOC
and controls not significant.

tDifferences between nLOC, abLOC, and controls significant by
ANOVA (P = 0.02). abLOC different from controls by Scheffe F
test (P = 0.05).

following SAH. In all patients in whom such changes were
detected, there was a coincident impairment of conscious-
ness. Resolution of the acidosis paralleled clinical improve-
ment. Metabolic abnormalities were found both ipsilateral
and contralateral to the side of the aneurysm; when contra-
lateral, as in patient 1, there was a predominance of sub-
arachnoid blood on the side of the abnormality.

The anatomical area from which the spectra are obtained
can be identified by using information from CT scans and the
depth calibrations performed with the MR spectroscopy
probe. The first 2 cm in the image corresponds to skin,
skeletal muscle, and bone. In the next 1 cm there will be
information from both muscle and brain. The spectra from
deeper than this are from brain alone. In patients without
ventricular dilatation, the lateral ventricles start at about 6 cm
from the probe. '

In normal subjects, pH; in the cranium is maintained within
narrow limits (7.05 * 0.05) at all depths between 2 and 6 cm
from the probe (21, 22). A likely explanation for an area of
acidosis in the brain is that partial ischemia in the presence
of an adequate supply of glucose, but insufficient oxygen,
results in increased glycolysis and hence increased levels of

Proc. Natl. Acad. Sci. USA 91 (1994)

lactic acid. Although we were not able to measure lactic acid
in the brains of the subjects, it is difficult to envisage other
mechanisms for the production of excess protons. In animal
studies, total obstruction of arterial blood flow causes the pH;
to fall within 1 min, and pH; values as low as 6.4 are reached
in 10 min. This corresponds to a lactate concentration of
12-14 umol/g (23). Higher concentrations, sometimes ex-
ceeding 30 umol/g (pH; 5.8), are recorded when vascular
supply is drastically reduced but not occluded, thus demon-
strating that partial ischemia may lead to even greater aci-
dosis (24-28). Intracellular acidosis caused by ischemia oc-
curs only in cells that are viable. In contrast, infarcted brain
becomes more alkaline than normal over some 2-3 days (29),
as was observed in patient 10.

If acidosis in these cases reflects local ischemia, without
cell death, the underlying cause is most likely to be vaso-
spasm or local compression. Since our observations have
shown that intracerebral clot does not produce acidosis, the
latter is not likely to be responsible for the reduced pH; we
have observed. Other causes of acidosis to consider include
a change in the arterial partial pressure of CO,, but in
humans, even when the end-tidal level of CO, is 8-10% the
fall in pH; has been shown to be =<0.1 unit (30). Greater
changes have been reported in animals, but to produce a pH;
of 6.8 it was necessary to increase the arterial partial pressure
of CO, to 148 mm of Hg (31). Such large changes in CO;
concentration seem unlikely in these cases of SAH.

The findings are most consistent with partial ischemia.
Vascular narrowing thought to be due to spasm has been
shown to occur in SAH (32). The degree of vascular narrow-
ing required to derange cerebral metabolism as detected by
31p MR spectroscopy is uncertain, but studies in rats and
rabbits suggest that a reduction of =50% in local flow
produces significant acidosis (26, 33). Significant reduction in
blood flow may also cause changes in metabolite levels. MR
spectroscopy studies in babies who have suffered from birth
asphyxia have shown that the PCr/P; ratio is reduced (34).
MR spectroscopy studies in acute stroke in man have shown
that in the acute phase, the PCr/ATP ratio may be reduced.¥
Chronically infarcted human brain has a normal ratio, a
finding consistent with spectra arising from the remaining
healthy neural or glial tissue only (35). In our studies the ratio
of P; to y phosphate of ATP was higher at depths 2, 3, and 4
cm in patients with abnormal level of consciousness than in
those with normal level of consciousness and controls,
though the differences did not reach statistical significance.
This could be due to an increase in P; or a decrease in ATP,
both of which have been described at various stages following
ischemic injury to the brain. PCr/P; was not different be-
tween the groups and the ratio of PCr to ATP yphosphate was
significantly higher only at depths 4 and 5 cm in both groups
after SAH—i.e., irrespective of level of consciousness.

The presence of areas of brain with low pH; adjacent to
others with normal pH; is not unexpected but does suggest
that the ischemic areas are not supplied by a single vessel;
more likely, several vessels supplying a region are affected to
varying degrees.

Cerebral angiograms were performed in only one patient
(no. 2) at the time when MR spectroscopy detected abnormal
biochemistry. This showed severe diffuse vasospasm. In the
other patients a clinical decision was made to postpone
angiography until the patients’ level of consciousness had
returned to normal. All the patients showing abnormal pH; at
some time in their illness eventually recovered normal level
of consciousness, and none showed any permanent neuro-
logical deficit.

YHelpern, J. A., Welch, K. M. A., Levine, S. R. & Brown, E. (1990)
ings of Society of Magnetic Resonance in Medicine, Ninth
Annual Scientific Meeting, p. 108.
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There are practical difficulties in monitoring patients who
deteriorate after SAH. Angiography, although the ‘‘gold
standard”’ for detecting vasospasm, can itself induce focal
deficits. Both it and Doppler ultrasonography demonstrate
only large-vessel flow. Neither MR imaging nor CT scanning
has been proven to differentiate clearly between ischemia and
infarction. Newer MR imaging techniques have been de-
scribed which may be able to detect areas with reduced blood
flow within hours (36). These depend upon abnormalities of
the blood-brain barrier and have not been shown to demon-
strate regions of reversible ischemia. The probability that 3P
MR spectroscopy can reveal ischemia by the presence of
intracellular acidosis is an important observation. This report
of preliminary observations was not designed to examine the
effects of therapeutic intervention such as the use of nimo-
dipine (37) or the newer synthetic serine protease inhibitor
FUT-175 (nafamostat mesilate) (38), but 3P MR spectros-
copy may be ideally suited to evaluate these and other
potentially useful agents. Moreover, since acidosis implies
viability of brain cells and alkalosis irreversible damage, this
technique provides a tool to allow better analysis than
hitherto possible after SAH, to determine whether focal
neurological signs are reversible or not.
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