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Summary: Previous animal and human studies showed 
that photic stimulation (PS) increased cerebral blood flow 
and glucose uptake much more than oxygen consump- 
tion, suggesting selective activation of anaerobic glycol- 
ysis. In the present studies, image-guided 'H and "P 
magnetic resonance spectroscopy (MRS) was used to 
monitor the changes in lactate and high-energy phosphate 
concentrations produced by PS of visual cortex in six 
normal volunteers. PS initially produced a signifcant rise 
(to 250% of control, p < 0.01) in visual cortex lactate 
during the first 6.4 min of PS, followed by a significant 
decline (p = 0.01) as PS continued. The PCrPi ratios 
decreased significantly from control values during the 
first 12.8 min of PS (p < O.OS), and the pH was slightly 

increased. The positive PlOO deflection of the visi.al 
evoked potential recorded between I 0 0  and 172 ms afrer 
the strobe was significantly decreased from control at 
12.8 min of PS (p < 0.05). The finding that PS causzd 
decreased PCrlPi is consistent with the view that 'n- 
creased brain activity stimulated ATPase, causing a r se 
in ADP that shifted the creatine kinase reaction in the 
direction of ATP synthesis. The rise in lactate together 
with an increase in pH suggest that intracellular alka1o.k. 
caused by the shift of creatine kinase, selectively stimu- 
lated glycolysis. Key Words: NMR-MRI-Proton and 
phosphorus-3 1 MRS-Human-Brain-Visual cortex- 
Metabolism-Lactate-Evoked potential. 

It is generally accepted that neuronal activity in 
the brain is energized by the hydrolysis of ATP, 
largely generated by the complete oxidation of glu- 
cose to CO, (Siesjo, 1978). Under conditions in 
which neuronal ATP requirements exceed ATP pro- 
duction by oxidative metabolism, e.g., ischemia 
(Naruse et al., 1984), electrical stimulation (Pri- 
chard et al., 1987), seizures (Prichard and Shulman, 
1986), the net hydrolysis of ATP increases the con- 
centrations of ADP. The increased ADP then shifts 
the creatine kinase reaction in the direction of ATP 
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synthesis, causing a fall in phosphocreatine (PC r). 
Furthermore, anaerobic glycolysis is stimulated. 
causing increased production of lactate. 

Many previous studies have demonstrated a 
rough parallel between brain functional activity. 
glucose consumption, oxygen consumption, and 
blood flow (Phelps and Kuhl, 1981; Reivich and 
Gur, 1985; Aaslid, 1987; Fox et al., 1987; Hossman 
and Linn, 1987; Roland et al., 1987; Bryan, 1990). 
However, Fox et al. (1988) reported that photic 
stimulation (PS) was associated with a much greater 
increase in brain glucose uptake and blood fiou 
than 0, consumption. This observation suggested 
the possibility that certain types of functional activ- 
ity might selectively stimulate anaerobic glycol) sis. 
which would be expected to increase lactate pro- 
duction in the absence of a parallel increase in ox- 
idative metabolism, Using 'H magnetic resonance 
spectroscopy (MRS), Prichard et al. (1991) reported 
that photic stimulation caused a rise in lactate in 
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humm visual cortex, consistent with the view that 
sensory stimulation might selectivity increase 
anaerobic glycolysis in sensory cortex. Two other 
preliminary MRS studies of visual and auditory 
stimulation of human cortex were recently reported 
(Merboldt et al., 1991; Singh et al., 1991). 

Tt,r first goal of the present experiments was to 
use ' H spectroscopy to determine if continuous 
photx stimulation caused a reproducible rise in lac- 
tate I? normal human visual cortex and to determine 
the time course of this rise. A statistically signifi- 
cant increase in lactate was observed during photic 
stimulation. To investigate the mechanism by which 
PS increased lactate, 31P spectroscopy was used to 
stud! brain Per, ATP, Pi and pH under the same 
expeiimental conditions. Finally, to determine if 
changes in brain lactate correlated with other mea- 
surec of primary visual cortex activity, the visual 
evok :d potential was measured during continuous 
PS. The results are consistent with the view that 
incre.tses in brain functional activity alter brain pH 
and t iie concentrations of brain phosphates. These 
chan;es may in turn stimulate brain metabolism and 
incre.:se brain lactate concentrations. 

METHODS 
SIX normal volunteers were studied with a 2.0 T Gyro- 

scan '-lRI/MRS research system. The subjects were po- 
sition. d supine in the magnet (Phillips Medical Systems, 
Sheltk n ,  CT, U.S.A.). A checkerboard, consisting of 
blach Ind white squares each 1 cm', was placed 15 cm 
abovc the subject's eyes. PS was produced by a photo- 
stirnuisitor (Grass Medical Instruments, Quincy, MA, 
1l.s.A ) and strobe light placed -1.5 m behind the sub- 
ject's head, outside of the magnet bore and directed to- 
ward the subject. During PS, the strobe flashed every 0.5 
s (Aa<lid, 1987; Roland et al., 1987) and subjects were 
instru6:ted to keep their eyes open. The magnet bore was 
drape<. with black plastic so that the strobe light was the 
only iiiumination for the subject. Control data were ob- 
tained with the strobe flashing, but positioned outside the 
drape and directed away from the bore, generating no 
illumination for the subject. Thus, during control (dark) 
intervhls, the checkerboard pattern could not be seen and 
subjects kept their eyes closed. The subjects were not 
aware of the planned duration of dark and PS periods nor 
of the approaching end of stimulation. 

'H MRS 
'H MR spectra were obtained using a modified image- 

selected in vivo spectroscopy (ISIS) sequence (Hether- 
ington et al., 1989), with a 9 cm diameter surface coil 
placed under the head of the subject. The coordinates of 
the volume of interest (VOI) were chosen using a single 
midsagittal and a multislice set of axial T,-weighted im- 
apes. all taken using the standard imaging body coil. The 
Sue of the VOI was 3.5 cm in the anteroposterior (AP) 
direction x 3.0 cm x 3.0 cm. An example of such images 
is provided in Fig. 1, which indicates the position of the 
VOI. The VOI was centered on the calcarine fissure and 
encompassed both primary (Brodmann area 17) and as- 

FIG. 1. These 7,-weighted sagittal (A) and axial (B) MR im- 
ages show the position of the VOI (32 ml), which was cen- 
tered on the calcarine fissure and encompassed both pri- 
mary (Brodmann area 17) and associative (areas 18 and 19) 
visual cortex. 

sociative (areas 18 and 19) visual cortex. An outer volume 
suppression (OVS) region was also chosen using the MR 
images. 

The modified ISIS sequence consisted of (a) an initial 
DANTE presaturation sequence (Moms and Freeman, 
1978) applied on the water resonance, followed by 
dephasing gradients; (b) the ISIS localization sequence 
(Ordidge et al., 1988) for selection of the VOI; (c) OVS 
pulses used to suppress regions outside of the VOI, much 
as the noise pulses are used in the OSIRIS experiment 
(Connelly et al., 1988); (d) a semiselective binomial 11- 
TE/2-22-TE/2 spin-echo acquisition sequence (Hore, 
1983; Hetherington et al., 1985); and (e) a postacquisition 
saturation pulse to reduce contamination during rapid 
repetition (Matson et al., 1988; Lawry et al., 1989). The 
ISIS and OVS pulses were phase cycled (Hetherington et 
al., 1986). The ISIS sequence was implemented using fre- 
quency-swept hyperbolic secant pulses (Silver et al., 
1984). Sinc-cos OVS selective pulses (Gonzales-Mendez 
et al., 1988) were used to suppress regions outside the 
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VOI to minimize further subtraction artifacts and contam- 
ination from lipid signals in the skull. The sinc-cos pulses 
excited parallel slices and the resulting transverse mag- 
netization was dephased by gradient pulses applied simul- 
taneously on the three orthogonal axes. The OVS pulse 
sequence consisted of three nl2 pulses applied with a 
slice-selection gradient in each direction, followed by two 
n/6 pulses, with the slice-selection gradient applied once 
each in the AP and left-right directions, to suppress pos- 
sible contributions from high B, flux regions (Bendall and 
Gordon, 1983). 

Calibration of the n12 excitation pulse amplitude was 
achieved using a two-dimensional ISIS sequence with a 
read gradient along the ISIS column in the AP direction, 
while the semiselective pulses were replaced by block 
pulses and the d 2  pulse length was set to 150 ps. 

Localized shimming of the water resonance to 5 Hz- 
linewidth (0.06 ppm) was performed with the surface coil 
using only the OVS pulses for volume selection and block 
pulses in place of the semiselective pulses. 

Proton spectra were obtained every 6.4 min (TR = 1.5 
s, 256 scans) from a 32-ml VOI, using a total echo time of 
272 ms. The maximum of the binomial excitation profile 
was set over the lactate resonance, 280 Hz away from the 
water resonance. The spectral bandwidth was 1 kHz and 
the digital resolution before zero filling and Fourier trans- 
formation was 1 Hz point. After a control period, six 
spectra were acquired during 38.4 total minutes of photic 
stimulation. Then, two spectra were acquired during a 
12.8 min dark period, followed by a second PS period of 
12.8 min. 

The spectra were processed using NMRl software 
(New Methods Research, Inc., Syracuse, NY, U.S.A.). 
A convolution difference filter (exponential broadening of 
80 Hz, convolution factor of 0.9) was applied and the 
resulting free induction decay (FID) was apodized with an 
exponential line broadening of 1.5 Hz before zero tilling. 
After Fourier transformation, a baseline flattening proce- 
dure was applied. Individual peak integrals from NMRl 
least-squares curve-fitted spectra were used for calcula- 
tion of metabolite peak ratios. 

31P MRS 
31P MR spectra were obtained from a single VOI using 

a modified ISIS sequence (Ordidge et al., 1988) with a 
postacquisition pulse to reduce contamination during 
rapid repetition (Matson et al., 1988; Lawry et al., 1989), 
with a 9-cm diameter surface coil placed under the head 
of the subject. 

The 31P VOI was the same as the 'H VOI, chosen by 
using a new set of MR images recorded as part of the 
separate "P study. Phosphorus spectra were obtained ev- 
ery 12.8 min (TR = 2 s, 384 scans) from the 32 ml VOI. 
The spectral bandwidth was 3 kHz and the digital reso- 
lution before zero filling and Fourier transformation was 
3 Hz point. After a control recording without PS, three 
spectra were acquired during 38.4 rnin of PS. Because the 
PS was stressful for the subjects, the protocol was limited 
to 38.4 min for "P MRS acquisition. 

The spectra were processed to measure peak integrals, 
using NMRl software. The broad signal from the less 
mobile metabolites of the brain was removed by convo- 
lution difference (exponential broadening of 150 Hz, con- 
volution factor of 0.9) and the resulting FID was apodized 
with an exponential line broadening of 10 Hz. After Fou- 
rier transformation, a baseline flattening procedure was 

applied. Individual peak integrals were obtained from the 
NMRl least-squares curve-fitted spectra and were used 
for calculation of metabolite peak ratios and intracellular 
pH (Petroff et al., 1985~). 

Evoked potentials 
Studies were performed in the neurophysiology labora- 

tory (Fein and Brown, 1987) under a PS protocol identical 
to that used in the magnet. Midline electrodes were 
placed over the occipital lobe (0,) referenced to the fron- 
tal lobe (F,). The electroencephalogram (EEG) signal 
was recorded on a Grass Neurodata system (Grass Med- 
ical Instruments, Quincy, MA, U.S.A.) and data were 
averaged over consecutive sets of flashes (75 s per aver- 
age). The magnitude of the PlOO component, a positive 
deflection recorded between 100 and 175 ms after the 
strobe, was measured. Because the PS was stressful for 
the subjects, the protocol was limited to 38.4 rnin for 
evoked potential acquisition. 

Statistical analysis 
All data are reported as mean f SD. Multiple analybis 

of variance and paired t test with Bonferroni correction 
for multiple comparisons were used to determine the sta- 
tistical significance of differences between means for n = 
6 subjects. 

RESULTS 
Effect of photic stimulation on human visual 
cortex lactate 

The first 'H MR spectrum obtained from a 32 ml 
VOI of visual cortex (Fig. 1) was used as control 
and was acquired in the dark with the subject's eyes 
closed. A typical control spectrum, displayed in 
Fig. 2A, shows the effectiveness of the water sup- 
pression and lack of lipid contamination. Peaks for 
the proton metabolites, inositol, choline, total cre- 
atine, aspartate, N-acetylaspartate (NAA), and lac- 
tate are identified. Figure 2B displays a stacked plot 
of the spectra obtained during a representative ex- 
periment. All of the resonance integrals except lac- 
tate were essentially constant during the experi- 
ment, demonstrating the reliability of the technique. 
Figure 2C shows an expanded view of the two tint 
spectra in Fig. 2A, demonstrating the effect of PS 
on lactate in the human visual cortex. In compari- 
son to its initial control level, the integral of the 
lactate resonance increased 2.5-fold during the 5rsl 
6.4 min of photic stimulation. 

Figure 3 shows the effect of PS on mean lactate' 
NAA ratios (n = 6) expressed as a percentage of 
the initial control value obtained in the dark with 
the subject's eyes closed. After the PS started, the 
lactate/NAA ratios significantly increased to 250% 
of control levels (p < 0.01). With continued PS. the 
lactate/NAA ratios declined significantly (p = 0.011 
from the highest level. After PS was terminated, the 
IactatehJAA ratios returned toward control levels. 
Subsequently, when PS was reinstituted, lactate 
NAA ratios increased again. 
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Effect of photic stimulation on human visual 
cortex phosphates 

Figure 4 displays representative "P MR spectra 
obtained from the same VOI used for 'H MR spec- 
tra (Fig. 1). Figure 5 shows the changes in pH and 
Pcn'Pi ratios obtained from the 31P MR spectra dur- 
ing PS. As displayed in Table 1, the PCr/Pi and 
PCriATP ratios decreased significantly from control 
values during the first 12.8 min of PS (p 0.05). 
Over the same interval, the pH tended to increase, 
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FIG. 2. A: This 'H MR image-guided localized 
spectrum from a 32 ml VOI of visual cortex was 
acquired in the dark with the subject's eyes 
closed. This spectrum, used as a control, shows 
the effectiveness of the water suppression and 
freedom from lipid contamination. Peaks for the 
proton metabolites, inositol, choline, total cre- 
atine, aspartate, N-acetylaspartate, and lactate 
are displayed. B: A stacked plot of spectra ob- 
tained during a representative experiment dem- 
onstrating that, except for the lactate peak, all of 
the other resonance integrals remained con- 
stant. The spectra of 256 scans were acquired 
every 6.4 min with TR = 1.5 s and TE = 272 ms. 
C: This expanded view of the two first spectra 
from Fig. 28 demonstrates the effect of photic 
stimulation on human visual cortex lactate. Dur- 
ing the first 6.4 min of photic stimulation, the 
integral of the lactate resonance increased 2.5- 
fold. 

but not significantly. The ATP/Pi ratios were also 
decreased during the first PS interval, but not with 
statistical significance. 

Effect of photic stimulation on human visual cortex 
evoked potentials 

As expected, PS produced an evoked response 
PlOO component approximately 100 ms after the 
strobe flash. Figure 6 shows a progressive decline 
of the amplitude of this component, which after 12.8 
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FIG. 3. Time course of the lactate/NAA ratio expressed as a 
percentage of the initial control value (dark) during photic 
stimulation (PS). After the PS was started, the lactate/NAA 
ratio was significantly increased to 250% compared to con- 
trol (p < 0.01). As PS continued, the lactate/NAA ratio de- 
clined significantly by 100% from the highest level after 25 
min of PS (p = 0.01). Then, while PS was stopped and the 
subjects closed their eyes (dark), the IactatelNAA ratio re- 
turned toward the control level. After this resting period, the 
PS was started again, and the IactatelNAA ratio increased 
again. 

min of continuous PS was significantly lower than 
at the beginning of PS (p < 0.05). 

DISCUSSION 

The major findings of these experiments were as 
follows: (a) PS produced an initial 2.5-fold increase 
in the lactate/NAA ratio of the occipital cortex; (b) 
the lactate then gradually declined despite contin- 
ued PS; (c) PS produced a statistically significant 
fall in PCr and a nonsignificant rising trend of pH in 
occipital cortex; and (d) the visual evoked response 
amplitude declined over a comparable interval of 
continuous PS. 

The finding that PS significantly increased occip- 
ital cortex lactate confirms the previous observa- 
tion of Prichard et al. (1991). Furthermore, the re- 
sults are consistent with the observation of Fox et 
al. (1988) that PS produces a larger increase in brain 
glucose uptake than of oxygen consumption, sug- 
gesting selective activation of anaerobic glycolysis. 
There are several possible biochemical explana- 
tions for the present results. Most likely is that the 
rate of glucose metabolism to pyruvate was stimu- 
lated without a parallel stimulation of citric cycle 
activity, leading to increased pyruvate and lactate 
concentrations. Furthermore, anaerobic metabo- 
lism of glucose to pyruvate generates NADH, 
which shifts the cytosolic redox state, causing in- 
creased lactate production from pyruvate by lactate 
dehydrogenase. This possibility is supported by the 
finding that stimulation of brain functional activity 
is associated with increased glucose uptake. An al- 

ternative possibility is that PS inhibited the rate of 
tricarboxylic acid cycle turnover or inhibited pyru- 
vate dehydrogenase, causing an increase in lactate 
concentration. This appears to be unlikely, espe- 
cially because brain oxygen consumption is some- 
what enhanced by increased mental activity and PS 
(Roland et al., 1987; Fox et al., 1988). A third pos- 
sibility is that PS causes a shift of the cytosolic 
redox state to become more reduced (without a rise 
in glycolysis rate), shifting the lactate dehydroge- 
nase reaction in the direction of lactate. This is un- 
likely because the previously observed increase in 
blood flow would, if anything, shift the cell redox 
state in the oxidized direction and because in. 
creased glucose uptake has been demonstrated 
(Fox et al., 1988). Therefore, the most likely expla- 
nation for the current findings is a selective stirnu. 
lation of anaerobic glycolysis. 

The mechanism by which anaerobic glycolysis 
might be stimulated without a parallel increase in 
mitochondrial oxidation is speculative. One possi. 
bility is that the Na,K-ATPase activity of the neu. 
ronal membrane is closely linked to rate-limiting 2n 
zymes of glycolysis. A direct association between 
Na,K-ATPase and glycolytic enzymes has been 
previously documented in red cells (Schrier, 1966. 
Parker and Hoffman, 1%7), smooth muscle (Lynch 
and Paul, 1983, 1987), and brain (Lipton and Ro. 
backer, 1983). An additional possibility is that srirn. 
ulation of brain functional activity induces intracel- 
lular signals that selectively stimulate anaerobic 
glycolysis, with much less effect on oxidative pnos. 
phorylation. The major regulator of glycol\.-sis 
phosphofructokinase, is allosterically regulated b! 
ADP, ATP, Pi, and H +  (Uyeda, 1979; Kemp anc 
Foe, 1983). To determine if changes in these metab 
olites might be associated with stimulation of gl!. 
colysis, 3'P MRS studies were performed. 

The 3'P MRS results showed that PS produced' 
significant fall in occipital cortex PCr, and a non 
significant increasing trend in pH. This appxen: 
small increase in pH is especially important consid- 
ering the marked rise in lactate, which might b[ 
expected to cause acidosis. One possible cause 0' 

alkalosis is the sharp increase in blood flow (FOX e 
al., 1988), which should reduce the Pco, in the \I' 

sua1 cortex. An alternative explanation for these 
findings is that PS increased the rate of ha,K- 
ATPase activity leading to increased ADP concen 
trations. A rise in ADP will shift the creatine kinas 
reaction in the direction of ATP synthesis, causini 
the observed fall in PCr and also increasing the in. 
tracellular pH because this reaction utilizes H- 
The failure of this pH increase to become statisO. 
cally significant is probably because of buffering bi 
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PCr 
PDE 

FIG. 4 Representative 31P MR spectra obtained 
beforf and during photic stimulation from the 
Same JOI (Fig. 1) used for 'H spectra. Peaks for 
the ~ ~ o s p h o r u s  metabolites are displayed: 
PME phosphomonoesters; Pi, inorganic phos- 
phate PDE, phosphodiesters; PCr, phosphocre- 
atine and y-, a-, and P-ATP, phosphoryl reso- 
n a n u  5 of adenosine. Note the leftward (alka- 
line) siift of Pi and the fall of PCr/Pi during PS. 

PME 

J 
d - 10 

incrc {sed lactic acid production (Paschen et al., 
I987 Previously, it was reported that electrical 
stim, .lation rapidly increases the pH of brain cortex 
(Urb-tnics et al., 1978), astrocytes (Cheder and 
Krai!. 1987), or brain slices (Carlini and Ransom, 
1986 Krishtal et al., 1987; Walz, 1989) measured by 
intra. ellular electrodes. This increase in pH may 
also ,>e caused by increased blood flow, a shift of 
the ci  eatine kinase reaction, or other factors. 

Thc changes in PCr, ADP, and H' detected by 
P hlRS provides some insight into the mechanism 

by u hich PS increases occipital cortex lactate. 
Pho.phofructokinase is stimulated by increased 
conczntrations of ADP and reduced H' (Uyeda, 
1979 Kemp and Foe, 1983); in contrast, oxidative 
pho.phorylation by mitochondria is stimulated by 
ADP (Chance and Williams, 1959, but is much less 
affec led by changes in H + . Therefore, one possible 
mechanism for stimulation of glycolysis to a greater 
extent than stimulation of oxidative metabolism is 
intracellular alkalinization produced by a shift of 
the creatine kinase reaction. This hypothesis is sup- 
ported by the repeated observation that brain lac- 
tate is elevated by hypercapnia in animals (Kjall- 
quist et al., 1969; and reviewed further by Petroff et 
al., 198%) and humans (van Ryen et al., 1989). Fur- 
thermore, hyperventilation of both animals (Reichle 
et al., 1970) and humans (van Nimmen et al., 1986) 
increases brain glucose consumption while O2 con- 
sumption does not change. 

I I  

Stimulation 

-1 0 
PPM 

0 -20 

The changes in brain phosphates observed by 
MRS are also of interest because of uncertainties 
concerning the control of the tissue metabolic rate. 
Several investigators have found that the rate of 
mitochondrial 0, consumption in heart varies over 
a wide range, without any measurable change in 
PCr, ATP, Pi, or H+ (Matthews et al., 1982; From 
et al., 1986; Osbaken et al., 1986; Balaban, 1990; 
Detre et al., 1990~). These findings led to the sug- 
gestion that myocardial 0, consumption is not sim- 
ply governed by the ADP concentration (Le., "re- 
spiratory control''), but is also controlled by sub- 
strate availability, NADH generation, and 0, 
availability (Balaban, 1990). Similarly, it has been 
reported that brain metabolism may also vary over 
a considerable range without a change in phosphate 
metabolites (Detre et al., 1990b), suggesting that 
brain 0, consumption may be controlled by factors 
other than ADP. In contrast, the present results 
show that PS produces a detectable change in PCr, 
presumably caused by a rise in ADP. 

Lactate/NAA progressively declined from its ini- 
tial maximum level, despite continuous PS. This de- 
cline could be attributed to decreased glycolysis, 
increased pyruvate oxidation by the citric acid cy- 
cle, or increased blood flow causing lactate re- 
moval. The evoked response measurements were 
performed to assess the hypothesis that continuous 
PS of this type resulted in an adaptive decrease in 
neuronal activity. The finding that the evoked re- 
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FIG. 5. Time course of the pH and PCr/Pi ratio obtained from 
the 31P MR spectra every 12.8 min. After a control period, 
three spectra were acquired during 38.4 rnin of photic stim- 
ulation (PS). The PCr/Pi ratio decreased significantly from 
control values during the first 12.8 rnin of PS @ e 0.05). At 
the same time, the pH apparently increased, but not signifi- 
cantly. 

sponse progressively decreased is consistent with 
the possibility that adaptive changes occur leading 
to diminished neuronal activity that in turn dimin- 
ishes lactate production. 

There are a number of problems in the perfor- 
mance and interpretation of these experiments, 
most of which are related to the relatively low sig- 
nallnoise ratio of MRS data. Unfortunately, the spa- 
tial resolution of MRS, even with surface coils, pre- 
vents accurate sampling of visual cortex gray mat- 
ter without contamination from adjacent white 
matter. Furthermore, it would be desirable to ob- 
serve separately Brodmann's areas 17, 18 and 19 
and to sample these different regions simulta- 
neously. Although spectroscopic imaging tech- 

* 300 

-10 0 10 20 30 40 

TIME (min) 

0' 

FIG. 6. Time course of the evoked potential measured du-ing 
38.4 min of photic stimulation (PS). A decline of the FlOO 
positive deflection, recorded between 100 and 175 ms after 
the strobe and expressed as a percentage of the initial con- 
trol value (first flash), is observed during the PS. The anpli- 
tude of the evoked response was significantly lower .ban 
control at 12.8 min @ e 0.05). Interestingly, the evokec PO. 
tential and the lactate/NAA ratio show a parallel decline 

niques permit simultaneous measurement of multi- 
ple regions (Maudsley et al., 1990; Segebarth er al.. 
lW), time resolution is lost in order to gain more 
spatial information. Greater sensitivity and abun- 
dance of 'H for MRS measurements allowed B 6.4 
min time resolution, while 31P MRS was limited to a 
12.8 rnin time resolution. The signallnoise ratio of 
31P MRS spectra also limited the accuracy of pH 
measurements, which may partially account for the 
failure to demonstrate a statistically significant 
change. Finally, technical constraints prevented si- 
multaneous measurement of 'H MRS and 31P MRS. 
and evoked measurements in each subject making It  

TABLE 1. Phosphate ratios and intracellular p H  during photic stimulation 
PCr/Pi PCrIATP ATPlPi Intracellular 

Prrinrla (% controll (% control) (% control) PH - -__-- \ -  

loo 2 9 100 h 12 1002 13 7.02 2 0.02 

7.10 2 0.02 
7.06 2 0.05 

Dark (control) 
PS 1 

67 2 14 72 2 9 902 16 PS 2 
PS 3 57 2 II 80 2 6 67 2 14 

59 2 98 63 5 6* 90'12 7.09 2 0.04 

Mean 2 SD. 
* p < 0.05. 
a 12.8 midperiod. 
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impo,sible to correlate changes observed by these 
different modalities within individual subjects. 

Notwithstanding the problems, the results unam- 
biguously demonstrate that PS increased lactate/ 
NAA in human occipital cortex, associated with a 
decredse in PCr and a trend towards an increase in 
pH. Together with the evoked response measure- 
ment.. these results are consistent with the view 
that 1 5  activated brain visual cortex, leading to in- 
crea\t.d ATPase activity, which stimulated glycoly- 
cis m:xe than oxidative pathways. Continued PS 
was asociated with an adaptive response causing 
dimin ,shed neuronal activity that decreased lactate 
prodti ction. 
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