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Mitochondrial dysfunction represents a central factor within the pathogenesis of the Alzheimer’s disease (AD) spectrum. We
hypothesized that in vivo measurements of lactate (lac), a by-product of glycolysis, would correlate with functional impairment
and measures of brain health in a cohort of 15 amnestic mild cognitive impairment (aMCI) individuals. Lac was quantified from
the precuneus/posterior cingulate (PPC) using 2-dimensional J-resolved magnetic resonance spectroscopy (MRS). Additionally,
standard behavioral and imaging markers of aMCI disease progression were acquired. PPC lac was negatively correlated with
performance on theWechsler logical memory tests and on the minimental state examination even after accounting for gray matter,
cerebral spinal fluid volume, and age. No such relationships were observed between lac and performance on nonmemory tests.
Significant negative relationships were also noted between PPC lac and hippocampal volume and PPC functional connectivity.
Together, these results reveal that aMCI individuals with a greater disease progression have increased concentrations of PPC lac.
Because lac is upregulated as a compensatory response to mitochondrial impairment, we propose that J-resolved MRS of lac is a
noninvasive, surrogate biomarker of impaired metabolic function and would provide a useful means of tracking mitochondrial
function during therapeutic trials targeting brain metabolism.

1. Introduction

Effectively all contemporary theories of Alzheimer’s disease
(AD) pathogenesis integrate impaired brain metabolism into
the concert of factors precipitating neurodegeneration and
clinical disability. One of the earliest observable metabolic
impairments consistently linked with cognitive dysfunc-
tion across the AD spectrum is reduced brain glucose
metabolism [1]. Studies of [18F] fluorodeoxyglucose uptake
using positron emission tomography (FDG-PET) reveal
that glucose hypometabolism in amnestic mild cognitive
impairment (aMCI), a cohort of individuals at increased risk

for transitioning to AD, is associated with poorer memory
capacity [2] and reductions in hippocampal volume [3]. At
a systems level, FDG-PET hypometabolism in aMCI tends
to develop more within regions of the default mode network
(DMN) [4]. The precuneus/posterior cingulate (PPC), one
of the main integrative hubs of the DMN, is particularly
sensitive to reductions in glucose consumption. The PPC
is highly interconnected with the hippocampus and the
interaction between the two structures plays a critical role in
orchestrating episodic memory recall [5, 6]. Combined, these
and many other findings have led to the use of FDG-PET as
a biomarker for tracking AD-related metabolic impairments
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and a prediction that FDG-PET will help increase the
clinical efficacy of therapeutics targeting brain metabolism
abnormalities [7].

However, numerous other well documented metabolic
impairments have been noted constituting additional and
likely overlapping pathological processes (reviewed in [8, 9]).
The general interpretation from an extensive animal and
human literature is that prodromal stages of AD, including
aMCI, are marked with reduced vascular integrity, compro-
mised mitochondrial function and elevated oxidative stress
[1, 10, 11]. As a result,mitochondrial bioenergetics has become
a source of therapeutic targets in predemented stages of the
spectrum [12, 13].

In analogous clinical scenarios presenting with disrupted
mitochondrial function (e.g., mitochondrial disorders such
as Leigh syndrome or MELAS [14, 15]), lactate (lac), the by-
product of anaerobic glycolysis, is elevated in part as com-
pensation for aerobic metabolic impairment [16–18]. Thus,
1H magnetic resonance spectroscopic (MRS) quantification
of lac is often used as a diagnostic marker for inborn errors
of metabolism [15, 19] as well as other clinical scenarios
affecting basal metabolic function (e.g., hypoxia/ischemia
[20]). Taken together, we hypothesize that concentrations of
brain lacwould serve as a biomarker ofmetabolic impairment
across the aMCI spectrum, potentially as a reflection of
mitochondrial dysfunction.

As far as we are aware, only two previous MRS reports
have attempted to quantify brain lac in AD. Stoppe et al. [21]
reported no differences between patients and controls in lac
concentrations extracted from a voxel in the parietal lobe.
More critically, Ernst et al. [22] failed altogether to detect a lac
signal in AD from either prefrontal or lateral temporal cortex.
The lack of signal change or detection within these studies
may stem froma variety of concerns such as choice of location
(i.e., spectra may have been acquired from cortex showing
relative immunity to AD pathology) or perhaps and a more
likely scenario as a result of spectral overlap and contamina-
tion [23]. Both previous studies relied on a standard “short-
TE” spectroscopic approach. This technique which acquires
frequency induction decays (FIDs) at a single echo time
(typically between 30–35ms) provides reliable quantification
of the classic MRS metabolites including N-acetylaspartate
[NAA] but yields limited quantification capacity for metabo-
lites with overlapping resonance frequencies [24]. Within the
MR proton spectrum the lac signature exists as a doublet
peak located at 1.35 ppm.This peak however is buried within
a robust lipid and macromolecule resonance at overlapping
frequencies. Therefore using traditional single shot short-
TE spectroscopic imaging, a significant rise in concentration
(e.g., as seen during mitochondrial disease) is usually neces-
sary to expose the lac doublet [25].

The purpose of this study is to first reexamine whether
brain lac could be quantified in vivo using noninvasive
imaging in a group aMCI subjects.We focused specifically on
the PPC because of the consistent reductions reported across
the FDG-PET literature in aMCI (c.f. [26]). To circumvent
the known spectral contamination concerns of lac, we cap-
italized on the J-coupling behavior of the lac molecule. We
quantified PPC lac using 2-dimensional J-resolved magnetic

resonance spectroscopy (J-rMRS) [27]. 2D J-rMRS enables
the separation of J-coupling information from chemical
shift by encoding J-coupling in the t2 dimension of a 2D
spectrum using an array of echo times [28]. The addition
of this second frequency dimension allows for separation
of lac from lipids and macromolecules, molecules that lack
J-coupling properties. Second, we contrasted PPC lac with
behavioral and imaging characteristics that are commonly
used as markers of disease progression across the AD spec-
trum. Specifically, PET studies consistently observe that PPC
metabolic impairments in aMCI and AD are significantly
associated with memory dysfunction, hippocampal volume-
try, and other imaging markers of disease pathology (see [1]
for review). By correlating PPC lac with known markers of
disease progression, we aim to establish the validity of PPC
lac as a valid metabolic biomarker in aMCI.

2. Material and Methods

2.1. Subjects and Cognitive Screening. Fifteen community-
dwelling aMCI individuals (mean age 85.5 yrs. old, 5 males)
were included (see Table 1 for demographics). Study recruit-
ment and screening consisted of a semistructured interview,
neuropsychological screening tests, and an expert consensus
panel to review screening data. Participants were classified
as having amnestic MCI based on the Petersen criteria [29]
and was determined from a combination of cognitive test
scores, screening interview data, and consensus case review
to identify persons with memory problems that would be
consistent with a clinical subtype of single domain amnestic
MCI, including (1) memory complaint, (2) impairedmemory
for age and education, (3) preserved general cognitive func-
tion, (4) essentially preserved activities of daily living, and
(5) not already diagnosed with dementia. Specific measures
included self-reported memory loss, evidence of objective
memory impairment, no functional impairment, and ability
to live independently. All subjects had Clinical Dementia
Rating scores of 0.5, consistent with aMCI and at least a high
school education. Subjects were free of any other psychiatric
or neurological disease. Cognitive tests included (1) the
minimental state exam (MMSE) for global cognition, (2) the
logical memory I and II subscales of the Wechsler memory
scale-revised for immediate and delayed recall, and (3) the
Alzheimer’s disease assessment scale. Executive functioning
was assessed with the Stroop Interference Task and Trails A
& B tests. Two subjects were unable to complete the Stroop
task due to color blindness. The study was approved by the
University of Washington Institutional Review Board and all
participants provided informed consent.

Amnestic MCI is generally assumed to be a transition
period between normal aging and Alzheimer dementia.
Although the diagnostic criteria have been debated, aMCI
is commonly defined as a specific impairment in memory
that is greater than one would expect for age with a relative
normal sparing of other cognitive abilities including atten-
tion, judgment, reasoning, and perception. Our sample of
aMCI participants included MMSE scores ranging from 21–
30, including three individuals with scores of less than 25,
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Table 1: Subject demographics, clinical assessment, and lactate MRS outcomes.

Subject Gender Age Handedness∗ MMSE ADAS-Cog$
PPC MRS voxel

Lactate (mM) Proportion tissue types
GM WM CSF

MCI1 M 89 Left 23 11.67 0.795 0.34 0.37 0.29
MCI2 F 94 Right 28 9 0.713 0.37 0.33 0.3
MCI3 M 86 Right 21 12.67 0.709 0.31 0.41 0.28
MCI4 F 82 Right 30 11.67 0.587 0.35 0.37 0.27
MCI5 F 87 Right 22 10.33 0.725 0.3 0.46 0.24
MCI6 F 86 Right 26 9.33 0.490 0.35 0.4 0.25
MCI7 F 83 Right 25 8.67 0.871 0.33 0.4 0.28
MCI8 M 79 Right 26 10.33 0.686 0.4 0.41 0.19
MCI9 F 80 Right 29 10.33 0.222 0.36 0.48 0.16
MCI10 F 87 Right 29 8.33 0.163 0.34 0.4 0.25
MCI11 F 82 Right 25 9.33 0.527 0.36 0.39 0.21
MCI12 F 85 Right 28 9 0.483 0.39 0.4 0.21
MCI13 F 82 Right 27 8.67 0.359 0.33 0.46 0.21
MCI14 M 88 Right 27 8.67 0.987 0.35 0.38 0.27
MCI15 M 93 Right 29 9.67 0.491 0.34 0.38 0.26
∗Based on self-report.
MMSE: minimental state examination.
$Total (combined) score.
GM: grey matter; WM: white matter; CSF: cerebral spinal fluid.

scores that are typically considered outside of the aMCI range
(Table 1). However, all subjects had CDR scores of 0.5 and a
mean ADAS-cog total score of 9.84 ± 1.3 SD, which falls in
range with previous published studies of aMCI individuals
(c.f. [30]: 11.3 ± 4.4 SD) and is lower than individuals meeting
probable AD diagnostic criteria (18.0 ± 6.0).Thus, whilemost
of the participants meet the Petersen criteria for aMCI [31] a
few individuals may have been at or near the early transition
period of AD at the time of scanning.

2.2. MRI Acquisition. Scanning procedures were conducted
on a Philips 3.0 TAchieva scanner using an 8-channel SENSE
head coil. The scanning protocol included a Magnetization
prepared rapid gradient echo (MPRAGE) high-resolution T1
sequence (repetition time (TR)/echo time (TE)/flip angle: 6.5
milliseconds (ms)/3 ms/8∘; matrix size of 256 × 256 and with
170 sagittally collected slices and a slice thickness of 1mm),
which was reconstructed in real-time to guide MRS voxel
placement and offline hippocampal volumetric calculation.

2.3. 1H J-Resolved Magnetic Resonance Spectroscopy

2.3.1. Spectral Estimation of Lactate. For each subject, a
2-dimensional J-rMRS acquisition sequence (Figure 1) was
acquired from a 4 × 4 × 4 cm voxel that was placed within the
PPC, bilaterally. Because lac typically exists in low concen-
trations in normal physiological conditions, a large voxel size
was selected to improve signal to noise. The parameters used
for the 2D J-rMRS sequence were PRESS single voxel pulse
sequence, TE-steps = 24 (32–492ms, 20ms increments, only
the 2nd echo intervalswere incremented surrounding the 2nd
180 leaving the 1st echo intervals fixed surrounding the 1st 180

in the PRESS pulse sequence), TR = 2 s, spectral bandwidth
= 2000Hz, complex time points = 2048, NEX = 12, and total
scan duration = 9.6min. A spectrum was also acquired with
andwithoutwater suppression (TE 32ms) for processingwith
LCmodel.

2.4. Resting State fMRI. An 8-minute resting state, echo
planar fMRI sequence (TR/TE/FA: 2000/21/90∘, 68 axially
oriented slices; matrix size 64 × 64) was acquired to quan-
tify functional connectivity across subjects. Five “dummy”
volumes were acquired but excluded from analyses in order
to stabilize T1 equilibrium effects. Physiological activity was
collected using a custom-made LabView monitoring system
with pulse oximetry and a respiratory belt.

3. Analysis

3.1. MRS Preprocessing. Short echo metabolites fits and
quantificationwere accomplished using LCmodel.Metabolite
uncertainties were expressed as % standard deviations (SD).
Percent SD, FWHM (full width at half maximum, an estimate
of peak width), and S/N (signal-to-noise ratio) were used
as determinants of spectrum quality. Free-induction decays
(FIDs) were input into the software package and were zero-
filled to double the points and filtered with a finite discrete
convolution to account for field inhomogeneities and eddy
currents. During preprocessing the residual water signal
was subtracted by using a decomposition-fitting algorithm.
FIDs were then zero- and first-order phase corrected and
smoothed using a 1.1 Hz exponential dampening filter. A
nonlinear, least squares analysis estimated the metabolite
concentrations and their uncertainties.
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Figure 1: 1H J-resolved MRS lac imaging and analyses. (a) 3D-plot of averaged, phased proton spectra (filtered for viewing from 2 to 0.8 ppm)
for 6 selected echo times (A: 72ms, B: 92ms, C: 112ms, D: 232ms, E: 252ms, and F: 272ms) reveals the inversion of the lac doublet located at
1.3 ppm.The full 1H spectrum at echo time of 32ms (inset) was used to fit the classic 1H short echoNAAmetabolite for absolute quantification
using LCmodel. (b) Fourier transformation of the standard acquisition dimension (i.e., chemical shift) converts each FID to a frequency
spectrum (F1). The NAA signal for each echo time for each individual was used for quality control purposes and for phase stabilization. No
tilt correction was applied in order to inspect possible corruption by T2 noise. (c) A second Fourier transform was applied to the data along
the incremented echo time (spectral dimension or F2), converting the oscillating phases of each of the coupled metabolite peaks to their
respective frequency components. This contour plot of the 2D spectra, along with projections on the F1 and F2 axes over the chemical shift
frequency range was used to localize, isolate, and quantify lactate at the chemical shift frequency of 1.33 ppm at J-resolved frequency of 7.5Hz.

3.2. MRS Analysis. The raw 2D MRS spectra (2048 complex
points along the t1 dimension and 24 points along the t2
dimension) were processed offline. One of the spectra (at TE
32ms, see Figure 1(a) inset) was isolated and used to calculate
absolute concentrations of NAA under the t1 dimension.
NAA spectral fits were accomplished with LCmodel using
standard procedures. Absolute concentrations of NAA were
obtained by scaling the in vivo spectrum to the unsuppressed

endogenous water peak and are reported in units that
approximate millimolar (mM) concentrations.

Partial volume corrections were made by calculating
the fraction of cerebral spinal fluid (CSF) for each voxel.
CSF, gray matter (GM) and white matter (WM) volume
measurements of the PPC voxel were obtained through
intensity estimates using the FANTASM MIPAV algorithm
(http://mipav.cit.nih.gov/pubwiki/index.php/Main Page).
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Metabolite values were then normalized to correct CSF
partial volume effects to = 100% brain tissue using:
𝐶 = 𝐶

𝑜
∗ (1/(1 − FCSF)) where 𝐶 = concentration, 𝐶

𝑜

=metabolite concentration from LCmodel output, and FCSF
= estimated fraction CSF in order.

The 2D MRS analyses were achieved through in-house
software and included a filtered (Sine-bell) Fourier transfor-
mation (FT) of the standard chemical shift dimension (t1),
which was used to convert each FID to a frequency spectrum
(f1). A second FT was then applied to the data along the
incremented echo time or spectral dimension (t2), converting
the oscillating phases of each of the coupled metabolite
peaks to their respective frequency components (f2). After
the 2D FT, spectra were converted to power estimates by
adding the real squared to the imaginary squared output
from the 2D FT. No phasing was necessary for the final FT
output due to phasings/frequency shift corrections after the
1st FT to correct for phase imperfections/instabilities of the
scanner. The 2D spectra were then plotted as contour plots
(Figures 1(b) and 1(c)), revealing the J-coupled frequency of
lac at 1.3 ppm as an off midline frequency. The volume under
the 2D spectrum (i.e., area under the curve) was determined
for lac usingmanual peak picking on contours and calculated
as a ratio to NAA. To estimate absolute concentration, lac
values were then multiplied by the LCmodel output of CSF
adjusted NAA concentrations.

3.3. Hippocampal Volumes. MPRAGE scans were recon-
structed into a 1 × 1 × 1mm 3D volume. Hippocampal
volumes were determined on the MPRAGE through a
combination of semiautomatic segmentation and extraction
using FMRIB’s Integrated Registration and Segmentation
Tool (FIRST) in FMRIB’s Software Library (FSL) version
4.1.5. Following FIRST extraction of hippocampal masks,
an expert, blind rater (EHA) inspected and made manual
adjustments when necessary so each mask conformed to
established rules and boundaries [32].

3.4. Intracranial Volumes (ICV). The ICV for each individual
was calculated using a stereologic Cavalieri technique [33]
implemented through MEASURE software. Volumes were
calculated from a 3Dgrid of points overlaying the intracranial
cavity. This grid was manually identified for each subject
by a single rater (KEW). The selected area included all
points falling within the cerebrum, cerebellum, sulcal and
ventricular CSF, and brainstem superior to the foramen
magnum. Volumes were then estimated using the Gundersen
formula [34].

3.5. Resting State fMRI (rsfMRI). At the individual level,
preprocessing steps to minimize nonneural sources of
noise included skull stripping, motion correction with FSL
MCFLIRT using a six-parameter rigid body correction and
a trilinear interpolation algorithm, with alignment occur-
ring to the middle volume, physiological correction using
RETROICOR (implemented throughAFNI image processing
software [35]), spatial smoothing using 8mm full width
half maximum (FWHM) Gaussian kernel and a low pass

temporal filter of 0.1Hz., grand-mean intensity normalization
and linear drift removal. Note that a hardware malfunction
prevented the acquisition of physiological activity in one
subject. To control physiological noise for this subject within
the fMRI data, we calculated and regressedmean resting state
white matter and CSF signal prior to spatial smoothing and
temporal filtering.

Posterior cingulate seed point functional connectivity
analysis was conducted using FSL FEAT toolbox (http://
www.fmrib.ox.ac.uk/fsl/feat), importing the coordinates
from a previous FDG-PET study of glucose metabolism of
preclinical AD as the seed point location [26]. Individual
posterior cingulate functional connectivity maps were
generated across the whole brain. For each individual, the
MNI template brain was initially registered into native fMRI
space and the mean time course from a rectangular seed
point (4 × 1 × 1 cm) was extracted. The 6 covariates (the 6
motion parameters) were added into a multiple regression
analysis as nuisance variables of no-interest. The seed point
time course was then entered into whole-brain, voxelwise
general linear model analysis using a fixed-effects model and
normalizing at the individual level by converting estimates
into 𝑍-scores.

3.6. Statistical Analyses. Statistical relationships between
metabolite concentrations and clinical cognitive variables
were investigated using parametric partial correlations cor-
recting for numerous known confounds including age and
CSF and WM volumes within the MRS voxel. Statistical
significance across regressions was determined at a standard
alpha level (𝑃 < 0.05). We also computed significant
relationships across rsfMRI PPC functional connectivity and
PPC lac concentrations at the group level. Individual seed
point rsfMRI time series were orthogonalized and analyses
were carried out using a mixed-effects model (FLAME)
incorporating PPC MRS lac concentrations as a covariate of
interest. Corrections for multiple comparisons were carried
out at the cluster level using Gaussian random field theory
(minimum voxel 𝑍-score, 2.3; cluster significance, 𝑃 < 0.05,
corrected).

4. Results

From our 2D spectral editing techniques, we observed
the characteristic lac doublet signature extracted from the
PPC in all 15 aMCI participants (for representative see
Figures 1(a)–1(c)). Lac quantificationwas accomplished using
a combination of 2D spectral transforms and LCmodel
metabolite estimation. Across subjects these values ranged
from 0.16 millimolar (mM) to 0.98mM (mean 0.587mM,
see Table 1) which are in line with previous efforts to quan-
tify lac under normoxic conditions, localized to superior
frontoparietal cortex estimated around 0.5mM [36], and are
in good agreement with quantification estimates from more
contemporary findings [37].

4.1. PPC Lactate Is Specifically Associated with Memory
Capacity in aMCI. Across subjects, lac concentration was
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Table 2: Regions of peak𝑍-scores of voxels showing a significant negative correlation between PPC lac concentration and posterior cingulate
functional connectivity.

Region 𝑍-score Hemisphere MNI coordinates (mm) BA
𝑥 𝑦 𝑧

Posterior cingulate 7.63 R 16 −40 34 31
Lateral occipital cortex/angular gyrus 7.23 L −38 −68 16 39
Lateral occipital cortex/angular gyrus 6.93 R 40 −60 12 39
Anterior parahippocampal gyrus 6.92 L −16 0 −26 34
Hippocampus/parahippocampal gyrus 6.77 L −26 −38 2 36
Thalamus 6.35 R 12 −22 14 N/A
Inferior temporal gyrus/temporal pole 6.08 L −36 0 −52 20
Superior temporal sulcus 5.47 R 46 4 −26 22
Hippocampus 5.25 L −22 −22 −20 N/A
Anterior parahippocampal gyrus 5.12 R 22 2 −26 34
Posterior orbital gyrus/subgenual/putamen 4.94 R 20 4 −14 25
Insular cortex 3.36 R 42 −6 −6 13
BA: Brodmann area.

significantly negatively correlated withmemory performance
on the WMS-R immediate and delayed recall subscales and
the MMSE (Figure 2(b)). Negative correlations remained
significant after accounting for gray matter (GM) and cere-
brospinal fluid (CSF) volumes from the PPC voxel, as well as
age (i.e., partial correlations adjusting for GM, CSF, and age;
lac and 1, delayed recall: 𝑟 = −0.622, 𝑃 = 0.031, 2, immediate
recall: 𝑟 = −0.608, 𝑃 = 0.036 on the WMS, and 3, MMSE:
𝑟 = −0.600, 𝑃 = 0.039). However, no significant associations
were observed between lac levels and neuropsychological
tasks not specifically tapping memory-related processes (i.e.,
𝑃 > 0.05 for Stroop task; Trails A&B; ADAS-Cog total score;
Figure 2(c)).

4.2. PPC Lactate Is Associated with aMCI Brain Pathology.
Given the highly specific nature of the lac-memory associ-
ations, we sought to determine if lac concentrations across
participantswere associatedwith additional indices of disease
progression. We first determined left and right hippocam-
pal volumes from the high-resolution T1 MPRAGE. After
adjusting for intracranial volumes (ICV), both the left and
right hippocampal volumes were negatively correlated with
PPC lac levels (Figure 3(a)). Partial correlations adjusting for
PPC CSF, GM, and age were not significant (𝑃 > 0.05).
However after removing CSF from the regression model, the
correlations were significant (𝑟 = 0.589, 𝑃 = 0.032 for the
left hippocampus, and 𝑟 = 0.432, 𝑃 = 0.044, for the right
hippocampus), suggesting an interaction between PPC CSF
concentration, lac concentrations, and hippocampal volume.

Resting state fMRI scans were acquired to examine
the association between PPC lac and posterior cingulate
functional connectivity. After correcting for physiological
activity (i.e., cardiac cycle and respiration), whole-brain,
voxelwise resting state time courses were extracted from a
seed point placed at the site of maximum decrease of FDG-
PET consumption across probable preclinical AD patients in
a previous study [26], a location which overlapped with the
placement of the MRS voxel (Figure 3(b)) in all subjects. Lac

concentrations were then entered into a group-level analysis
as a covariate of interest using a mixed-effects model and
correcting for multiple comparisons at the cluster level using
aGaussian randomfield theory (minimumvoxel𝑍-score, 2.3;
cluster significance, 𝑃 = 0.05, corrected). Significant negative
correlations between PPC functional connectivity and lac
concentrations across the group were observed throughout
the temporal lobe (Figure 3(b) and Table 2). In particular,
the left hippocampus (Figure 3(b), left side) as well as the
parahippocampal gyrus bilaterally had a substantial number
of voxels showing significant negative correlations between
the degree of posterior cingulate functional connectivity and
PPC lac concentrations.

5. Discussion

We observed that J-rMRS quantification of lactate, the by-
product of the anaerobic metabolic process of glycolysis,
within a cortical node of the system for memory retrieval
is significantly associated with common cognitive and imag-
ing markers of disease progression (e.g., delayed memory
function, hippocampal volume, and functional connectivity)
in a cohort of aMCI individuals. Previous MRS efforts have
failed to detect differences or a lac resonance altogether [21,
22]. This discrepancy is likely due to fact that these studies
did not account for the background of overlapping lipid
and macromolecule contamination that occurs at the same
chemical shift frequency exhibited by lac. J-rMRS is a more
sensitive means for isolating lac than traditional short-TE
MRS methods because it utilizes the J-coupling properties of
lac, physical properties lacking inmacromolecules and lipids.

Collectively, we propose J-rMRS as a complemen-
tary and/or alternative metabolic biomarker to track the
metabolic status in aMCI and possibly AD. MRS is com-
pletely noninvasive. Quantification of metabolically active
biomolecules with MRS requires minimal time commitment
while providing in vivo access to disease-sensitive tissue
of interest. Consequently MRS is appropriate and routinely
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Figure 2: Posterior cingulate and precuneus (PPC) MRS voxel and lac specific associations. (a) During scanning, a 4 × 4 × 4 cm voxel (shown
in red) was placed bilaterally, centered on medial parietal lobe, covering the posterior cingulate, the precuneus, in most individuals the
retrosplenial cortex and in a few individuals the isthmus. A large voxel size is required to provide high lac signal to noise. To ensure consistent
placement across subjects, the voxel was centered along the midline, placed just anterior to the parietoccipital fissure and angled in-line
with cerebellar tentorium. The voxel was toggled left-to-right to avoid as much ventricular CSF as possible. PPC lac concentrations (𝑦-axes)
were correlated with performance on various neuropsychological tests including (b) memory based tasks and (c) non-memory specific tasks.
∗Correlations were significant at 𝑃 < 0.05 (partial correlations) after correcting for age, GM, and CSF. No correlations on non-memory tasks
were statistically significant.
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Figure 3: PPC lac correlations and brain pathology in aMCI. (a) PPC lac negatively correlates with ICV adjusted L (left) and R (right)
hippocampal volumes. (b) Regions of posterior cingulate resting state fMRI functional connectivity that negatively correlate with PPC lac
concentrations across aMCI.The PPC seed point (upper left inset) was selected with reference to the site of maximum FDG-PET impairment
in a group of preclinical probable AD patients [26] and was contained within MRS voxel locations in all subjects (red transparent box). 𝑍-
statistics were calculated utilizing a Gaussian random field theory, thresholded using clusters determined by𝑍 > 2.3 and a (corrected) cluster
significance threshold of 𝑃 = 0.05. Blue voxels showing significant negative correlations between the strength of functional connectivity and
PPC lac concentrations, displayed on the MNI152 template brain and in radiological convention, were generally located within the temporal
lobe including medial temporal loci (e.g., left hippocampus in upper left green crosshairs) and various subcortical structures (see Table 2).
Coordinates (𝑋, 𝑌, and 𝑍) are in millimeters in MNI space. MTG: middle temporal gyrus. pHG: parahippocampal gyrus. STS: superior
temporal sulcus. HG: hippocampal gyrus. STG: superior temporal gyrus. POG: posterior orbital gyrus. Put: putamen.
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used in clinical diagnostics for metabolic disorders [19, 38].
Relative to FDG PET, J-rMRS would likely provide a prefer-
able means of tracking metabolic decline when repeated
measurements over short time periods are necessary, for
example in clinical trials targeting metabolic function and
examining therapeutic response [12, 39].

5.1. PPC Lac Concentrations as a Function of Disease Sever-
ity. PPC lac levels were only significantly associated with
cognitive tests of memory (including the WMS-R delayed
and immediate recall, Figure 2(b)). Critical for prediction
of AD conversion is the observation that aMCI individuals
presenting with the most impacted delayed recall are at
greatest risk for developing AD [40]. The observed negative
association between lac and memory function indicates that
higher levels of PPC lac are related to poorer memory
retention, with nearly 50% of the variance in WMS-R
subscales performance attributed to PPC lac concentrations
(Figure 2(b)). Our explicit statistical adjustments for age,
CSF concentrations of lac [27], and GM volume within the
PPC voxel (c.f. [41]) give further justification in interpreting
the finding as a disease-specific effect. This point is further
supported by the significant negative relationship between
PPC lac concentration and MMSE scores, a traditional
clinical assessment tool. Although follow-up studies will be
needed to determine whether individuals with higher PPC
lac concentrations are more likely to convert to AD, these
observations do suggest elevated levels of PPC lac are linked
to aMCI behavioral impairment and by extension are likely
related to disease-specific brain pathology.

We tested this assumption by examining the associ-
ation of PPC lac with two common markers aMCI/AD
brain pathology: hippocampal volume and posterior cin-
gulate functional connectivity (Figure 3). The negative cor-
relations between PPC lac levels and hippocampal volume
(Figure 3(a)) parallel PPC FDG-PET observations and sup-
port the notion that hippocampal atrophy is associated with
PPCmetabolic function inAD [3]. It is worth commenting on
the observation that PPC CSF concentrations accounted for
a portion of variance in hippocampal volumes (but not the
PPC lac, memory associations). This suggests the possibility
of measureable lac concentrations within CSF, a notion that
has yet to be explored in aMCI (as far as we are aware), and
possibly contributing to the overall PPC lac concentrations
across participants. However PPC lac was still significantly
correlated with memory ability across the sample even after
controlling CSF concentration within the PPC voxel. This
would indicate that the concentration of PPC lac, above
and beyond CSF levels, is significantly associated with aMCI
behavioral impairment, a cognitive process that is in part a
function of hippocampal-PPC interactions [5, 6].

In an attempt to reconcile spatial differences between
the location of the PPC MRS voxel and the FDG-PET
discrepancies in aMCI/AD, we imported the coordinates cor-
responding to the greatest reduction in FDG-PET utilization
from a previous PET study of probable prodromal AD [26] as
a seed point location for the resting state time point analysis.
Individuals with higher concentrations of PPC lac had greater

reductions of functional connectivity between the PPC and
numerous cortical and subcortical regions, including the left
hippocampus, parahippocampal gyrus, and middle temporal
gyrus (Figure 3(b) and Table 2), a spatial topography that
parallels resting state functional connectivity maps extracted
from the posterior cingulate in neurologically normal indi-
viduals [42]. Previous imaging efforts have shown that the
strength of connectivity between the hippocampus and the
PPC predicts memory capacity in cognitively intact older
adults [5] and that this connectivity is degraded in aMCI [43]
and AD [44]. Here our functional connectivity observations
support the hypothesis that PPC lac concentration is in part
attributed to reduced hippocampal input [41].

The negative relationships between PPC lac and mem-
ory function, hippocampal volume, and posterior cingulate
functional connectivity indicates that individuals presenting
with a greater progression of disease state have increased
concentrations of PPC lac. Such characteristics have been
shown to predict (with varying degrees of success) which
aMCI individuals are most likely to convert to AD [40, 44–
46]. Thus, it is feasible that PPC lac concentration may
also be a marker of conversion. Because PPC lac-behavioral
associations were independent of age, this line of reasoning
would posit a critical concentration threshold of PPC lac that
would distinguish normal aging from aMCI from AD.

5.2. Mechanisms of Lac Production and AD Pathology. Brain
lac is produced from the conversion of glucose through
glycolysis occurring to a large degree within the cytosol of
astrocytes [16]. The byproduct of glycolysis is pyruvate. Clas-
sic models of brain metabolism suggest that under normoxic
conditions pyruvate enters mitochondria and the oxidative
TCA cycle and electron transport chain yielding high levels of
ATP. However, in situations whenmetabolic demands exceed
oxygen supply, pyruvate is alternatively catalyzed into lac via
the enzymatic activity of lactate dehydrogenase. This com-
bined process, which is referred to as anaerobic glycolysis,
yields significantly lower but more rapid amounts of ATP
relative to respiration and oxidative phosphorylation [47].
Sustained periods of low oxygen concentrations result in con-
tinued production of lac and eventual lactic acidosis. While
some studies have shown that concentrations of brain lac can
rise as a result of continuous neural stimulation [48], elevated
brain lac is generally considered to reflect pathology induced
from hypoxia or ischemia [49] or other metabolic crises
[50]. However, in certain clinical situations (e.g., congenital
mitochondrial disorders) in which mitochondrial function is
compromised and cannot sustain ATP levels needed to fuel
cellular processes [15], energy requirements are met (at least
initially) through a compensatory upregulation of anaerobic
glycolysis [17] which leads to elevated lac concentrations [16].

Based upon quantitative reports of metabolic pathology,
similar physiological pressures are at play in aMCI all of
which could lead to elevated lac in aMCI individuals further
along across the disease progression. The conventional inter-
pretation would predict that progressive mitochondrial dys-
function and/or heightened hypoperfusion-induced hypoxia
routinely noted throughout the AD spectrum [10, 51] would
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lead to increases in anaerobic glycolysis, a mitochondrial-
independent process as compensation for declining cere-
brovascular function/mitochondrial ATP output and accu-
mulating lac concentrations [52].

However, this hypothesis would need to be reconciled
with the known reductions of glucosemetabolism in the PPC
[1, 26, 41] since the supportive fuel for anaerobic glycolysis
is glucose. That is, the downregulation of PPC glucose con-
sumption commonly noted in aMCI/AD pathology would in
fact, contrary to our observations, predict decreased levels of
lac in individuals with more severe pathology. One leading
notion underlying FDG-PET impairments in aMCI and AD,
particularly within the PPC, is a slow but gradual reduction of
energy requirements stemming from damage to the cellular
constituents (e.g., synapses) with high metabolic demand
[53]. Abnormal mitochondrial function in AD results in
an overproduction of reactive oxygen species, increased
oxidative stress, and damage [13]. As a consequence, neuronal
cell types with higher concentrations of mitochondria, (par-
ticularly within axons and synaptic terminals) relative to glial
cells are subject to greater levels of AD-induced metabolic
impairment, increased oxidative stress, and a greater likeli-
hood of cell damage and death. Therefore, it is conceivable
that while neurons and synapses, the tissue substrates likely
responsible for driving FDG-PET reductions [54], suffer
a greater burden of AD-induced tissue damage, glial cells
including astrocytes remain relatively spared (i.e., degraded
from AD pathogenesis). Decreasing synaptic function and
neuron numbers would reduce net glucose requirements,
while a simultaneous response to astrocytic mitochondrial
dysfunction would elevate anaerobic glycolysis ultimately
driving up lac concentrations. In support of such a metabolic
scenario, an in vitro study observed that cultured astrocytes
stimulated with a toxic form of the ABeta peptide produced
significantly more lac relative to astrocytes that were bathed
in a control peptide [55]. Possible additional (and by no
meansmutually exclusive)mechanisms include the astrocytic
response seen during severe hypoxia or ischemia where
delivery of brain glucose (and oxygen) is toxically reduced. In
MCI and AD, chronic reductions in PPC glucose may result
in utilization of astrocytically stored glycogen, amolecule that
can be consumed as an alternative energy source to power
anaerobic glycolysis and thus raise lac concentrations [56].
Additionally, Bubber and colleagues observed a negative cor-
relation between pyruvate dehydrogenase complex activity
in AD postmortem brain tissue and CDR scores taken just
prior to autopsy [57]. The pyruvate dehydrogenase complex,
a complex consisting of three enzymes housed within the
mitochondrial matrix, is responsible in part for converting
pyruvate into acetyl-CoA, an enzyme used in the TCA cycle
and electron transport chain (i.e., cellular respiration). If this
complex is degraded, pyruvate is alternatively catalyzed into
lac via lactate dehydrogenase, a core characteristic of pyruvate
dehydrogenase complex deficiency (PDCD) syndrome [58].

5.3. Applications of J-rMRS Lac as a Metabolic Biomarker in
aMCI. Numerous pharmacological and biobehavioral efforts
are underway that aim to mollify and normalize metabolic

instabilities in at-risk populations [12, 13, 51]. FDG-PET
is expected to play a significant role in these studies as
a means of tracking cerebral metabolic function. An ideal
biomarker of disease progression isolates the physiological
process being targeted by a therapeutic. This is a critical
factor for assessing therapeutic response as it maximizes the
ability to “see” preservations and/or improvements at the
physiological level while minimizing the need to rely on
functional/behavioral outcomes [39]. Mitochondrial physi-
ology is currently one of the main avenues of investigation
for the pharmacological restoration of metabolism in AD
[13, 51]. Indeed some therapeutic success has been noted
both in vitro and cognitive restoration when applying a
mitochondrial-targeted antioxidant to a transgenic mouse
model of AD [12]. Most metabolic biomarker efforts to
date have either pursued PET imaging or measurements of
various peripheral or central metabolically active molecules
from the blood or CSF, respectively. However, to anticipate
similar success within human clinical trials, a biomarker
capable of specifically tracking (a) mitochondrial function
or (b) a physiological process that reflects mitochondrial
function from the tissue of interest is required. An imaging-
based biomarker that is specifically sensitive tomitochondrial
dysfunction within specific disease-sensitive cortical regions
has not yet been published [59]. At a systems level, FDG-
PET reductions in aMCI are assumed to reflect a global
loss of tissue substrate in the brain, resulting from both a
downstream effect stemming from hippocampal neuronal
death leading to subsequent axonal withdrawal and synapse
loss (diaschisis) as well as local neuronal and gray matter
(GM) atrophy [1, 41]. Altogether, we propose that tracking
lac concentrations from AD-sensitive brain regions such
as the PPC will provide greater physiology specificity for
monitoring the effects of mitochondrial uncoupling and
cerebrovascular hypoperfusion across the disease spectrum.

5.4. Caveats and Limitations. We show that PPC lac is sig-
nificantly associated with common aMCI markers of disease
progression. Despite the overwhelmingly strong correlations,
we cannot specifically conclude that PPC lac is elevated
in aMCI until statistical comparisons can be made against
age-matched controls presenting with normal memory and
cognitive function. Rather we argue that PPC lac provides
a means of noninvasively tracking the metabolic status of
individuals presenting with significant memory complica-
tions. Moreover, we cannot rule out the possibility of elevated
lac (as a function of disease pathology) as a more global
phenomenon due to the fact that lac concentrations were
not quantified from a control region. Given that FDG-PET
abnormalities (although generally not uniform across aMCI)
have been observed within other association cortices [1], it
would not be surprising if lac concentrations are elevated
in aMCI in additional cortex, for example, across the DMN
and including themedial temporal lobe [4]. Tracking changes
in lac over time within subjects will be specifically critical
for validating the hypothesis of PPC lac as a biomarker of
metabolic dysfunction.
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5.5. Conclusions. Here we provide preliminary evidence that
PPC lac quantified with J-rMRS is negatively associated
with markers of disease progression in aMCI, a commonly
assumed prodrome of AD. Based on lac imaging of mito-
chondrial and metabolic disorders, we propose that the
well-established alterations in normal metabolic physiology
that are linked to disease progression (i.e., mitochondrial
impairment and/or cerebrovascular complications leading to
hypoxia) likely give rise to exacerbated anaerobic glycolysis
and detectable brain lac in aMCI. Accordingly, these rela-
tionships suggest that our lac concentrations likely reflect the
metabolic status of the PPC, brain tissue that is exceptionally
vulnerable to AD pathology. Future studies will need to
combine FDG-PET and J-rMRS to determine if PPC lac is
associated with the typical glucose consumption deficits. As
a result of the completely noninvasive nature of MR imaging,
J-rMRS provides a viable and likely preferable means of
tracking metabolic function and dysfunction across multiple
time points throughout the AD continuum. A link between
PPC FDG-PET levels and lac concentrations may suggest the
possibility that J-rMRS can augment or potentially supplant
themetabolic monitoring capacities of PET.Moreover, future
studies will need to link specific markers of mitochondrial
dysfunction and/or cerebrovascular impairment with fluc-
tuations in lac concentration across aMCI individuals. If
quantitative studies of mitochondrial and cerebrovascular
function are indeed tied lac concentrations, our results
suggest an in vivomeans of interrogating a metabolic process
that is the current focus of a number of therapeutic trials
[12, 51]. A biomarker providing a greater specificity for the
therapeutically targeted pathophysiological process, together
with cognitive restoration, will be critical factors establishing
direct disease-modifying effects [39].
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