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Abstract
Background—Prior evidence suggests panic disorder (PD) is characterized by neurometabolic
abnormalities, including increased brain lactate responses to neural activation. Increased lactate
responses could reflect a general upregulation of metabolic responses to neural activation.
However, prior studies in PD have not measured activity-dependent changes in brain metabolites
other than lactate. Here we examine activity-dependent changes in both lactate and glutamate plus
glutamine (glx) in PD.

Methods—Twenty-one PD patients (13 remitted, 8 symptomatic) and 12 healthy volunteers were
studied. A single-voxel, J-difference, magnetic resonance spectroscopy editing sequence was used
to measure lactate and glx changes in visual cortex induced by visual stimulation.

Results—PD patients had significantly greater activity-dependent increases in brain lactate than
healthy volunteers. The differences were significant for both remitted and symptomatic PD
patients, who did not differ from each other. Activity-dependent changes in glx were significantly
smaller in PD patients than in healthy volunteers. The temporal correlation between lactate and glx
changes was significantly stronger in control subjects than in PD patients.

Conclusions—The novel demonstration that glx responses are diminished and temporally
decoupled from lactate responses in PD contradicts the model of a general upregulation of
activity-dependent brain metabolic responses in PD. The increase in activity-dependent brain
lactate accumulation appears to be a trait feature of PD. Given the close relationship between
lactate and pH in the brain, the findings are consistent with a model of brain metabolic and pH
dysregulation associated with altered function of acid-sensitive fear circuits contributing to trait
vulnerability in PD.
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Introduction
Panic disorder with or without agoraphobia (PD) is a potentially disabling condition with
lifetime prevalence greater than 5% in the United States (1). Although efficacy studies
suggest good responses to medication or psychotherapy, effectiveness and naturalistic
studies show that ≥70% of treatment-seeking PD patients remain ill for extended periods and
relapse is common (2, 3). Family and twin studies reveal a substantial heritable component
in PD (4, 5), but little is yet known about the specific neurobiological mechanisms
mediating vulnerability to PD. A better understanding of these mechanisms could promote
development of more widely effective treatments.

Many neurobiological models of panic disorder posit dysfunction of acid-sensitive circuits
involved in respiratory and fear-related processing (6–10). Several clinical observations
support this idea. PD patients frequently experience dyspnea and exhibit dysregulated
respiration that persists during sleep and following remission (8, 11–13). PD patients are
sensitive to panic-induction by agents that increase brain acidity or stimulate respiration (6,
7, 14–18). Evidence of the clinical relevance of panic-induction by these agents is
particularly well-developed for sodium lactate infusions and CO2 inhalation (15, 19–26).
Preclinical studies suggest that activation of acid-sensitive circuits could trigger panic
attacks (27). Many brain regions mediating fear and arousal responses contain neurons
specifically activated by local increases in brain acidity, including amygdala, hypothalamus,
bed nucleus of the stria terminalis, periaqueductal gray, raphe nuclei, locus ceruleus, and
anterior cingulate cortex (28–31).

Proton magnetic resonance spectroscopy (1H-MRS) studies have demonstrated excess brain
lactate accumulation in response to hyperventilation and lactate infusions in PD patients
(32–34). Since both these challenge protocols can cause cerebral vasoconstriction, the
exaggerated lactate responses could result from cerebral hypoxia. In contrast, sensory
stimulation evokes local cerebral vasodilation and hyperoxia accompanied by local increases
in brain lactate and glutamate (35–38). We recently showed that symptomatic PD patients
have exaggerated visual cortex lactate responses to visual stimulation. This finding
contradicts the hypothesis that hypoxia mediates the increased lactate response in PD and
suggests an intrinsic disturbance of activity-dependent brain metabolism involving either
increased production or decreased removal of lactate in PD (39). Both the production and
removal of brain lactate are closely coupled with mechanisms regulating dynamic changes
in brain pH (40–46). Acid-sensitive neurons play an essential role in autonomic and fear-
related processing (27, 41). Thus, excess brain lactate accumulation may be associated with
a disturbance of pH dynamics having pathogenic significance in PD.

Lactate responses to neural activation are driven largely by the energy requirements of
glutamatergic neurotransmission, including the glutamate-glutamine cycle (47). It is possible
that an increase in these energy requirements is responsible for the elevated brain lactate
responses in PD. Our prior study showing increased lactate responses to visual stimulation
in PD did not include measures of any other activity-dependent brain metabolic responses.
In addition to lactate, neural activation also evokes an MRS-visible increase in glutamate or
glx (the combined signal from glutamate and glutamine) (48–52). If greater overall
metabolic demand during neural activation drives increased brain lactate responses in PD,
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then both lactate and glx responses to visual stimulation should be increased in PD patients.
Alternatively, if increased brain lactate accumulation has a different cause, such as
selectively increased production or decreased metabolic removal of lactate, then increased
activity-dependent glx responses would not be expected in PD patients. The current study
examines this question by measuring visual stimulation-induced changes in both lactate and
glx in the primary visual cortex in PD patients. The study also tests the hypothesis that
increased activity-dependent brain lactate responses are a trait feature of PD.

Methods and Materials
Subjects

Twenty-three patients with a current or past primary diagnosis of PD (thirteen remitted, ten
symptomatic) and thirteen healthy volunteers matched for gender, age, and education, were
recruited from the University of California Davis outpatient psychiatry clinic and via
advertisement. The study was approved by the UC Davis IRB. All subjects gave written
informed consent. A psychiatrist (RJM) evaluated all subjects using the Structured Clinical
Interview for DSM-IV (53). All patients were assessed with the clinician-rated Panic and
Agoraphobia Scale (PAS) (54) and completed the patient-rated Anxiety Sensitivity Index
(ASI) (55) and Mobility Inventory for Agoraphobia (MIA) (56). Remitted PD patients were
free of panic attacks and other significant PD symptoms for at least 4 months.

Experimental Procedures
Following habituation to a “mock” scanner (39), subjects entered the MRI scanner for
anatomical scans followed by a 28.8 minute 1H-MRS acquisition. During the first 6.2
minutes of scanning, subjects rested with eyes closed. During the subsequent 10.6 minutes,
subjects watched a black and white radial checkerboard undergoing 8 Hz pattern reversal
flicker (39). Subjects pressed a button when the checkerboard transiently changed shape,
which occurred 43 times. This embedded vigilance task was intended to engage and monitor
subjects’ attention to the stimulus. For 12 minutes following stimulus offset, subjects were
scanned with eyes closed. Anxiety was rated with the Acute Panic Inventory (API) (57) and
the State Anxiety Inventory (SA) (58) immediately before scanning and post-scanning
retrospectively for the period of visual stimulation. End-tidal pCO2 was recorded throughout
scanning using a face mask connected to an infrared capnometer (59).

MRI Methods
Data were acquired with a 1.5 Tesla MRI system (Signa Horizon NV/i; GE Medical
Systems, Milwaukee, WI) using a 3-inch surface coil positioned under the occiput. Sagittal
T1 and axial T2 FSE scans were acquired for localization. A single-voxel 1H-MRS scan was
acquired using an interleaved, J-editing sequence (60, 61) incorporating a PRESS sequence
with TE 144 ms, TR 1500 ms, and phase cycling 8 (51, 62). Frames (each consisting of eight
acquisitions) acquired with a BASING (band selective inversion with gradient dephasing)
pulse (“BASING frames”) were interleaved with frames acquired with a CHESS (chemical-
shift selective saturation) pulse (“CHESS frames”). The CHESS water suppression pulse
sequence (bandwidth = 75 Hz (0.61 ppm)) is centered on the 4.67 ppm water peak. The
BASING pulse excitation band (bandwidth = 180 Hz (1.46 ppm)) is centered on the 4.1 ppm
lactate methine quartet. At TE=144 msec, the lactate doublet is upright during BASING
frames and inverted during CHESS frames. Both BASING and CHESS pulses provide
excellent water suppression. Subtracting CHESS frame spectra from BASING frame spectra
suppressed signals from lipid and most metabolites while retaining the lactate signal (Figure
1). 1H-MRS data from primary visual cortex were acquired from a 30×25×25 mm voxel
centered on bilateral calcarine fissures. For all but five subjects, a 3D-SPGR high-resolution
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scan of the brain was obtained for segmentation of the MRS voxel immediately after 1H-
MRS data collection (procedures described in Supplement 1).

Data Processing and Analysis
The lactate increase lags the onset of visual stimulation by about 36 seconds (39). Thus, we
defined five time periods for analysis: “baseline” (initial 6.2 minutes with eyes closed),
“visual stimulation 1” (VS1, 5 minutes of visual stimulation after the initial 36 seconds of
stimulation), “visual stimulation 2” (VS2, 5 minutes of visual stimulation after VS1),
“recovery 1” (RC1, 6 minutes of rest after VS2), and “recovery 2” (RC2, 6 minutes of rest
after RC1). For lactate quantification, MRUI software (63) was used to zero-fill and phase-
align individual frames of MRS data, which were then summed across the time periods of
interest and apodized with a 4 Hz Gaussian filter. After setting the NAA peak frequency to
2.01 ppm, an automated peak integration algorithm quantified lactate at 1.33 (±0.15) ppm in
the difference spectrum. LCModel software (64) and the canonical basis set from 1.0 to 4.0
ppm (including NAA, creatine, choline, glutamate, glutamine, myo-inositol, scyllo-inositol,
lactate, alanine, and guanidinoacetate) were used to quantify NAA, creatine and glx from the
CHESS spectra only. A prior 3T study suggested that 144 msec is a reasonable TE when
estimating glx with LCModel (65).

Lactate and glx responses result from neuronal activation. For this reason, lactate and glx
were quantified relative to NAA (a marker of neuronal functional integrity (66)) for our
primary analyses, as in our prior dynamic MRS studies (39, 67). Lactate and glx were
normalized to creatine for secondary analyses. The percent changes in lactate and glx from
baseline were quantified for VS1, VS2, RC1 and RC2 and analyzed with repeated measures
analysis of variance (rANOVA). These were conducted as two-group analyses (all PD
patients and controls) and as three-group analyses (remitted PD, symptomatic PD, and
controls). Significant group or interaction effects involving 3 groups were followed by
subgroup rANOVAs. End-tidal pCO2 data were quantified by a blinded rater using a semi-
automated algorithm implemented in LabView software (National Instruments, Austin, Tx).
Percent change from baseline end-tidal pCO2 during VS1, VS2, RC1, and RC2 was
analyzed using rANOVA. Other three-group comparisons were made by ANOVA followed
by unpaired t-tests. Other two-group comparisons were made using unpaired t-tests (all
alphas = .05 two-tailed).

Results
Comorbid diagnoses in symptomatic PD patients included agoraphobia (nine), generalized
anxiety disorder (three) and social phobia (two). Past diagnoses in the symptomatic and
remitted PD patients included other anxiety disorders, major depression, substance abuse,
and anorexia nervosa (full listing in Supplement 1). No subjects had taken psychiatric
medications for at least 6 weeks prior to scanning, except as follows: Four remitted patients
were taking selective serotonin reuptake inhibitor (SSRI) monotherapy, and two patients
(one remitted and one symptomatic) took low dose alprazolam twice weekly or less (most
recent dose ≥ four days before scanning). Subjects were otherwise free of illnesses and
medications affecting brain, vascular, metabolic, or respiratory function. One control subject
admitted taking a psychostimulant on the scanning day and was excluded from the analysis.
Two symptomatic patients were unable to remain still, displaying gross limb and truncal
movements during the MRS acquisition. Their MRS data were unusable and were excluded
from analysis. These exclusions yielded a sample size of 33 subjects (13 remitted patients, 8
symptomatic patients and 12 controls).

Demographic, rating scale and baseline measures are shown in Table 1. Groups were well
matched demographically, with more severe PD-related symptoms in the symptomatic
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patients. There were no group differences in pre-scan or baseline values of any biological
measures, except for a lower baseline visual cortex NAA/creatine ratio in PD patients
compared to control subjects.

No subject reported a panic attack during data collection. Remitted, symptomatic, and
control subjects achieved similar hit rates on the embedded vigilance task, F(2,27) =0.01,
NS (three subjects’ data were lost). The mean LCModel estimate of signal-to-noise ratio for
the CHESS spectra was 31 and did not differ between groups (F(2,30) =0.4, NS). Cramer-
Rao lower bounds (CRLBs) reflecting the goodness of fit for LCModel estimates were ≤5%
for all measurements of NAA (mean =2.2%), and creatine (mean =3.0%) (see example
LCModel fits in Figure S1 in Supplement 1). The lactate doublet at 1.33 ppm was visible in
all 33 subjects (Figure 1). There was a highly significant increase in visual cortex lactate/
NAA during visual stimulation compared to baseline across groups (t(32) =4.9, p <.0001).
Two subjects (one symptomatic PD and one control) exhibited unusual responses, showing
large decreases in lactate during visual stimulation. These subjects had the most extreme
modified Z-scores in our total sample (both Z < −3.5) and were considered outliers by the
criteria of Iglewicz and Hoaglin (68). All MRS analyses were performed both with and
without their data. Segmentation analysis of the MRS voxel showed no difference between
patients and controls in gray matter, white matter or cerebrospinal fluid fractions of the MRS
voxel, or in the gray/white ratio (all t ≤1.2, df=26, NS).

The two-group rANOVA of percent change from baseline lactate/NAA during visual
stimulation and subsequent recovery periods (outliers excluded) showed a significant main
effect of group, F(1,29) =11.76, p =.0018. This main effect was due to a larger percent
increase in lactate across time in the patient group (15.7 ±11.7%) than the controls (1.3
±10.1%) (effect size, Cohen’s d =1.32) (Figure 2A). Both groups showed elevated lactate
during visual stimulation, but this effect was larger and persisted longer in the PD patients.
Figure 3 shows the mean lactate doublet peaks before and during visual stimulation for both
groups. The two-group rANOVA also showed a significant main effect for time (F(3,87) =
6.86, p = .0003) but no group by time interaction (F(3,87) =0.97, NS) (Figure 2A). Including
outliers did not change any of the above results. Similar results were seen with the
analogous three-group analysis, with both remitted (p =.003) and symptomatic (p =.023) PD
patients having significantly greater increases in lactate/NAA than control subjects (Table
2). Effect sizes (d) were similar in remitted (1.36) and symptomatic (1.19) patients. This
indicates that increased activity-dependent brain lactate accumulation is similarly present
during active illness and clinical remission in PD. All above results were unchanged when
outliers were included, except that the difference between symptomatic PD and control
groups no longer reached significance. When excluding the four PD patients on SSRI
monotherapy, the difference between remitted patients and control subjects remained
significant (p =.016, Cohen’s d =1.17). The pattern of statistical findings reported above was
unchanged when using lactate/creatine ratios (Table 2). There were no significant
correlations between our clinical measures and the total lactate response over time in PD
patients.

Glx estimates using LCModel had CRLBs ranging from 10% to 22% (mean CRLB
=15.2%). There were no effects of group, time, or group by time interactions for glx CRLBs.
The two-group rANOVA of percent change from baseline glx/NAA showed a significant
main effect of time, F(3,87) =5.02, p =.0029 and a significant group by time interaction,
F(3,87) =4.70, p =.0043 (Figure 2B). There was no main effect of group, F(1,29) =0.28. The
significant main effect of time reflected glx increasing above baseline to a peak during VS1
and then steadily decreasing below baseline, reaching its lowest point during RC2. The
group by time interaction reflected this pattern of glx changes over time being significantly
larger in the control group than in patients (Figure 2B). The main effect of time could be
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simplified to a single value by calculating the difference between VS1 and RC2. This value
was significantly greater in control subjects than in patients (+22.0% (±20%) and +1.0%
(±18%), respectively, t(29) =3.0, p =.006). These results were unchanged when outliers were
included. A significant group by time interaction was also seen in the three-group rANOVA
(Table 2). Including outliers in the three-group analysis reduced the interaction effect to a
trend. All significant findings noted above were also observed when normalizing glx to
creatine (Table 2).

The temporal association between activity-dependent changes in lactate/NAA and glx/NAA
was examined by calculating the correlation between the percent change values of the two
metabolites over the four time periods, within each subject. The correlation coefficient (r)
for each subject was converted to a z-value, based on the probability distribution of r. The
resulting z-values were significantly higher in control subjects than PD patients (means =
0.83 (±.64) and 0.03 (±.82), respectively, t(29) =2.76, p <.01) (see Supplement 1). The z-
values were significantly greater than zero in control subjects (t(10) =4.28, p =.0016) but not
in patients (t(19) =0.19, NS).

The two-group rANOVA of percent change in end-tidal pCO2 showed a trend toward a
main effect for group, with the control group trending toward a greater overall decrease in
pCO2 than the patient group. There were no other significant effects or trends in the pCO2
data (Table 2). Complete end-tidal pCO2 data were unavailable in 8 subjects (3 remitted, 2
symptomatic, and 3 controls) due to technical problems or intolerance of the mask. Since
hypocapnia can increase brain lactate levels, the lactate analyses were repeated including
only subjects for whom complete pCO2 data were available. All significant group
differences in lactate values reported above remained significant.

Significant group effects were seen for the change in State Anxiety (SA) and Acute Panic
Inventory (API) ratings from pre-scan to visual stimulation (F(2,29) =5.9, p =.007; F(2,29)
=15.3, p <.0001, respectively). In both cases, anxiety increased significantly more in
symptomatic patients than both remitted patients and controls (SA: +13.7 (7.7), +1.8 (8.7),
and +1.9 (5.9); API: +7.5 (3.0), +2.3 (2.9), and +0.8 (1.6) respectively). Remitted patients
and controls did not differ.

Discussion
Activity-dependent changes in brain lactate and glx were abnormal in symptomatic and
remitted PD patients. The findings extend prior studies showing elevated brain lactate
responses to metabolic challenge in PD and represent the first report of abnormal glx
responses in PD. The J-difference editing sequence used here permits a more specific
measure of brain lactate than conventional pulse sequences used on clinical MR systems.
Recent studies using high field scanners have shown a 10% to 23% increase in visual cortex
lactate during visual stimulation (35, 36). Similarly, the increase in visual cortex lactate here
averaged 15% across groups. The effect size for the difference between PD patients and
controls (1.28) in the current study is similar to that reported in our prior study of visual
stimulation (1.08) (39) and similar to that reported in two prior lactate infusion studies (0.9
and 1.67) (32, 33), suggesting that abnormal brain lactate accumulation following metabolic
challenge is a robust phenomenon in PD.

Since hypocapnia can increase lactate production (via disinhibition of phosphofructokinase),
we monitored end-tidal pCO2 throughout scanning. There were no group differences in
baseline pCO2 or subsequent pCO2 changes from baseline. Hypoxia can also increase brain
lactate production. However, neural activation evokes local hyperoxia. Logically, the greater
activity-dependent lactate accumulation observed in PD patients must result from a process
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that causes either increased lactate production or decreased lactate removal during neural
activity. However, it cannot be attributed to either hypocapnia or hypoxia.

The glx signal reflects the total MRS-visible pool of glutamate plus glutamine, with minor
contributions from GABA, glutathione, and other metabolites (66). Studies using 7T MRI
systems can reliably distinguish between glutamate and glutamine, but this discrimination is
less certain for lower field clinical MRI systems. Two recent 7T studies found that
glutamate, but not glutamine, increased in the visual cortex during visual stimulation (35,
36). Mangia et al. reported that the change in glutamate was biphasic, increasing during
stimulation and decreasing below baseline during the post-stimulation period. The initial
increase in glutamate was attributed to elevated glycolytic and oxidative metabolism evoked
by neural activation (35, 36). If increased activity-dependent brain lactate responses in PD
reflect a general upregulation of the metabolic response to neural activation, then increased
glx responses to visual stimulation would be predicted in PD. The current study observed a
significant, biphasic, activity-dependent change in glx, similar in time-course to the
glutamate response previously reported (36). However, the glx changes over time were
significantly smaller in patients compared to control subjects. In addition, activity-dependent
glx changes were temporally correlated with lactate changes in the control subjects but not
in the patients, suggesting a decoupling of the two metabolic responses in PD. Taken
together, our findings argue against the hypothesis that PD patients exhibit a generalized
increase in activity-dependent brain metabolic responses. Alternative models of elevated
brain lactate responses in PD, such as a selective increase in lactate production or a reduced
rate of metabolic consumption of lactate, have not yet been tested experimentally.

Preclinical studies suggest potential mechanisms through which abnormal lactate responses
could be associated with pH changes affecting acid-sensitive circuits involved in fear and
arousal responses. During neural activation, substantial lactate is produced from glucose and
glycogen in neurons and astrocytes (69, 70). Astrocytic lactate is transported into brain
extracellular fluid (ECF) and taken up by nearby cells for removal by oxidation (37, 38, 41,
69, 71). Specific subtypes of monocarboxylate transporters (MCTs) mediate co-transport of
lactate and H+ across astrocytic and neuronal cell membranes (41, 42, 45). MCT-mediated
lactate transport is a key step in the metabolic removal of lactate, and it is directly coupled to
pH dynamics and pH buffering mechanisms (40–46). Reduced activity of MCTs would be
expected to cause an activity-dependent accumulation of brain lactate accompanied by a
disturbance in local pH dynamics. Erlichman et al. recently showed that inhibition of the
neuronal MCT in an acid-sensitive, brainstem respiratory nucleus caused a significant, pH-
mediated, respiratory stimulation (41). Increased activity-dependent brain lactate responses
in PD could be associated with an underlying abnormality that also alters pH dynamics, such
as reduced activity of MCTs. Studies in mice have shown that activity-dependent pH
decreases in the amygdala are an essential element of fear processing. Wemmie and
colleagues demonstrated that knock-out or pharmacological blockade of an acid-sensing ion
channel (ASIC1a) in mice substantially reduced both conditioned and innate fear responses
and blocked the fear response to CO2 inhalation (28, 72–74). Use of viral vectors to express
ASIC1a locally in the amygdala restored these responses (74). In addition to amygdala, acid-
sensitive circuits are present in other brain regions potentially relevant to PD, including
hypothalamus, bed nucleus of the stria terminalis, periaqueductal gray, raphe nuclei, locus
ceruleus, and anterior cingulate cortex (28–31). Structural and functional abnormalities in
many of these regions have been described in PD (75–81). These findings suggest potential
mechanisms by which abnormal, activity-dependent, metabolic responses leading to
increased lactate accumulation could be associated with altered functioning of acid-sensitive
circuits that could underlie increased vulnerability to panic symptoms in PD patients.

Maddock et al. Page 7

Biol Psychiatry. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Elevated activity-dependent brain lactate accumulation was similarly present in our
symptomatic and remitted PD patients. Thus, the elevated brain lactate responses cannot be
attributed to secondary effects of ongoing PD symptoms. Our findings suggest that elevated
activity-dependent brain lactate accumulation is a trait feature of PD. A model that posits an
enduring, trait vulnerability to PD requires an interacting mechanism that influences
expression of the disorder. In this framework, we propose that PD patients have an
underlying vulnerability to panic attacks and an additional pathogenic process that either
activates or fails to inhibit overt expression of these attacks. Both would be influential in the
typical presentation of symptomatic PD, with the former as an enduring trait and the latter as
a state factor that varies over time and with treatment. From this perspective, our findings
are consistent with the hypothesis that an underlying disturbance of activity-dependent brain
pH dynamics causes trait vulnerability in PD, yet remains present during clinical remission.

There are important limitations to this study. Glx rather than glutamate was measured.
However, the pool of glutamate and glutamine is largely integrated over a timescale of
minutes (82, 83). Animal and ex-vivo studies combining MRS and biochemical
measurements show that 20–30% of total glutamate is MRS-invisible at long echo times and
suggest that vesicular glutamate represents the MRS-invisible compartment (84–88).
Acquired with TE=144 msec, the current glx findings may reflect movement of glutamate
between invisible and visible compartments, rather than changes in total glx. Glx is more
accurately quantified at 3T than at 1.5T, where it can also include some GABA signal, and
our CRLBs ranged up to 22%. However, we demonstrated consistent activity-dependent
changes similar to those observed using 7T systems. Given the relatively small sample size,
replication of these glx findings in PD is needed. Visual cortex was studied because it is a
well-established model system for investigating activity-dependent changes in cortical
metabolism. However, it is not involved in fear-related processing nor known to be acid-
sensitive. Although Dager et al. found abnormal lactate accumulation in all brain regions
examined, including the acid-sensitive anterior cingulate cortex in PD (32), higher field
MRS studies targeting acid-sensitive brain regions are needed to substantiate the model
described here.

To test the model of a general upregulation of activity-dependent brain metabolic responses
in PD, we measured visual stimulation-induced changes in both lactate and glx. Our finding
that glx responses were diminished and temporally decoupled from elevated lactate
responses in PD contradicts this model. We replicated our prior finding of increased
activity-dependent brain lactate responses in PD and showed that it appears to be a trait
feature of PD, present in both symptomatic and remitted patients. Recent preclinical studies
suggest that increased brain lactate accumulation could be associated with an abnormality
affecting acid-sensitive circuits involved in respiratory, autonomic, and fear-related
processing. If substantiated, then novel treatments targeting these circuits could have
therapeutic value (27, 28, 51, 74, 89, 90).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
MR spectra from a representative PD patient acquired with the interleaved J-editing
sequence at TE=144 msec. Top spectrum is acquired with a conventional PRESS sequence
incorporating CHESS water suppression. Note the small inverted lactate methyl peak at 1.33
ppm. Middle spectrum is acquired with the BASING editing pulse applied to the 4.1 ppm
methine resonance of lactate. The editing pulse prevents inversion of the lactate methyl
doublet, thus it is upright at 1.33 ppm. Bottom tracing shows the difference spectrum (scaled
2x) obtained by subtracting the CHESS spectrum (top trace) from the BASING spectrum
(middle trace) (see text). The upright lactate doublet is clearly evident at 1.33 ppm.
Horizontal bars show frequency range used for peak integration of lactate and NAA signals.
Inset shows voxel location.
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Figure 2.
Percent change from baseline in visual cortex Lactate/NAA (A) and Glx/NAA (B) during
and after visual stimulation. VS1 and VS2 are consecutive five-minute periods of visual
stimulation. RC1 and RC2 are consecutive six-minute periods of eyes closed rest
immediately after visual stimulation. Group means and s.e.m. are shown. (A) Analysis of
lactate/NAA changes showed a significant main effect of group (F(1,29) =11.76, p =.0018).
(B) Analysis of glx/NAA changes showed a significant main effect of time (F(3,87) =5.02, p
=.0029) and a significant group by time interaction (F(3,87) =4.70, p =.0043).
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Figure 3.
Group mean MR spectral data from 1.59 to 1.07 ppm shows the lactate doublet centered at
1.33 ppm for N=20 PD patients (A) and N=11 control subjects (B). Grey lines show the
lactate doublet during the baseline condition with eyes closed. Black lines show the lactate
doublet during 10 minutes of visual stimulation (VS1 and VS2). Data from individual
subjects were normalized to their NAA signal intensity values prior to calculating group
means.
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