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Commentary

Statistical non-independence of brain
metabolite concentrations whether
normalized to creatine or water

Richard J Maddock

Abstract

1H-MRS investigators studying brain metabolite concentrations often attribute biological significance to correlations

between calculated metabolite values within the same voxel. A recent report in this journal provides a valuable per-

spective on how statistical non-independence of such values can undermine biological interpretations of their correla-

tions. However, careful examination of this issue suggests their critical analysis does not go far enough. Hong et al. claim

that appropriate water normalization, unlike creatine normalization, eliminates the problem of spurious correlation.

Both logical and empirical considerations show this is not the case. Correlations between water-normalized metabolite

values are also prone to substantial spurious correlations.
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It has become increasingly common for investigators
conducting 1H-MRS studies to attribute biological sig-
nificance to correlations between brain metabolite con-
centrations estimated in the same voxel1–3, especially
positive correlations between NAA and glutamate.
While shared metabolic pathways or a common under-
lying neurobiological cause can lead to correlations
between concentrations of two brain metabolites, com-
putational factors can also cause such correlations. The
recent paper in this journal by Hong et al.4 provides a
valuable perspective on two of the most important com-
putational factors that confound biological interpreta-
tions of statistical associations between metabolites –
Pearson’s spurious correlation between ratios with the
same denominator and spectral correlation due to over-
lapping resonances. Hong et al.4 propose methods for
eliminating both sources of statistical non-independence
between metabolite values. Using their methods, they
observed no significant correlation between NAA and
glutamate in healthy volunteers and argue against a
model of neurometabolic coupling between NAA and
glutamate. The authors have provided a valuable analysis
of the problems that plague attempts to interpret corre-
lations between metabolites. However, a few logical
errors in their paper undermine some of their conclusions
and may mislead other investigators.

The most significant problem pertains to the claim

that water-normalization effectively eliminates

Pearson’s spurious correlation between metabolite

ratios with the same denominator. A second problem

is that the authors have not estimated NAA indepen-

dently from NAAG in their in vivo dataset. While their

finding of no evidence to support a neurometabolic

coupling between NAA and glutamate remains valid,

their proposal that water normalization eliminates spu-

rious correlations is invalid for human studies.
In considering the problem of spurious correlation

for metabolite/creatine and metabolite/water ratios, the

authors provide Pearson’s equation5 demonstrating

the key role of the coefficients of variation (V) of the

numerators and denominators inherent in all metabo-

lite quantification methods. Hong et al. correctly

emphasize the point that for correlations between

metabolite X and metabolite Y, normalized as X/Z
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and Y/Z, the problem of spurious correlation becomes
negligible when VZ�VX and VY. They further state
“due to the very high signal-to-noise ratio of the unsup-
pressed water, the inequality Vwater�VNAA, Vglutamate

holds. Based on equation (3), Pearson’s spurious corre-
lation of ratios for glutamate and NAA can be eliminated
by using [glutamate]/[water] and [NAA]/[water]
instead of [glutamate]/[tCr] and [NAA]/[tCr].” In
their subsequent Monte Carlo analysis, they rely on
the assumption that Vwater�Vmetabolite in generating
the simulated data. Accordingly, they find negligible
spurious correlation in their simulated water-
normalized NAA and glutamate data.

While the above reasoning is valid for water-
normalized metabolites acquired from a phantom, it
does not apply to water-normalized metabolite values
acquired in vivo. Specifically, the inequality Vwater �
Vmetabolite is true for phantom experiments but is decid-
edly not true when the water signal requires correction
for partial volume and relaxation effects, as is the case
for in vivo experiments. The most significant source of
nuisance variance in the corrected water signal is prob-
ably noise in the estimation of voxel segmentation frac-
tions. Other sources of added noise may include
individual subject deviations from canonical tissue
water content and relaxation rates and variance due
to head displacement between the high resolution
scan, the water suppressed MRS scan, and the water
non-suppressed MRS scan.

Evidence against their claim that water normaliza-
tion eliminates spurious correlations can be found in
the authors’ own in vivo data. For metabolites in the
occipital cortex and in the medial prefrontal cortex, the
authors report the partial correlation coefficients
between all water-normalized metabolite estimates
(“absolute concentrations”) after controlling for age,
gray matter and white matter fractions in the voxel.
Five of the reported metabolites are generally consid-
ered well-measured in 3 Tesla human studies – NAA,
total creatine, total choline compounds, glutamate, and
myo-inositol. GABA, glutamine, glutathione and
NAAG are also reported, but these are less precisely
measured with the scanning parameters used by the
authors. Taking only the ten pair-wise correlations
between the five well-measured metabolites in each
voxel, we can use Fisher’s r to z conversion to calculate
the mean and median r values in the authors’ reported
data. For the medial prefrontal cortex, the mean and
median r values are both 0.67, for the occipital cortex
they are 0.32 and 0.38, and for all 20 correlations
across both voxels, they are 0.51 and 0.56 respectively.
The overall central tendency of these correlations
approximating r¼ 0.5 is what one expects when the

true correlations between metabolites are negligible
(approximating r¼ 0.0), and the coefficient of variation
of the corrected water value in the denominator is
approximately equal to coefficients of variation of the
metabolites in the numerators4–6. Thus, the authors’ in
vivo data invalidates their working assumption that
Vwater � Vmetabolites. Relatedly, coefficients of variation
for GABA7 and glutamate8 in large studies are consis-
tently greater when normalizing to water than when
normalizing to creatine, an unexpected finding if
Vwater � Vcreatine. I encourage other MRS investigators
to examine their own datasets for similar signs of sta-
tistical non-independence in both water- and creatine-
normalized data before interpreting any individual
correlations as biologically meaningful.

A second concern pertains to the authors’ LCModel
estimates of NAA and NAAG. Although they report
imposing a soft constraint to set the values of NAA and
NAAG to a ratio of 10:1, the data reveal that a hard
constraint was imposed. Tables 1 and 2 in Hong et al.4

show a perfect correlation (r¼ 1.0) between NAA and
NAAG values in each voxel. This is biologically
implausible but would occur if the NAAG value was
always set to exactly 10% of the NAA value.
Consequently, their NAA and NAAG values contain
the same information and are likely proportional to the
estimate of NAA plus NAAG.

Funding

The author(s) received no financial support for the research,

authorship, and/or publication of this article.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with

respect to the research, authorship, and/or publication of this

article.

ORCID iD

Richard J Maddock https://orcid.org/0000-0001-6392-

5519

References

1. Kraguljac NV, Reid MA, White DM, et al. Regional

decoupling of N-acetyl-aspartate and glutamate in schizo-

phrenia. Neuropsychopharmacology 2012; 37: 2635–2642.
2. Coughlin JM, Tanaka T, Marsman A, et al. Decoupling of

N-acetyl-aspartate and glutamate within the dorsolateral

prefrontal cortex in schizophrenia. Curr Mol Med 2015;

15: 176–183.
3. Kumar J, Liddle EB, Fernandes CC, et al. Glutathione

and glutamate in schizophrenia: a 7T MRS study. Mol

Psychiatry 2020; Apr25: 873–882.
4. Hong S, Tomar JS and Shen J. Metabolic coupling

between glutamate and N-acetylaspartate in the human

2 Journal of Cerebral Blood Flow & Metabolism 0(0)

https://orcid.org/0000-0001-6392-5519
https://orcid.org/0000-0001-6392-5519
https://orcid.org/0000-0001-6392-5519


brain. J Cereb Blood Flow Metab 2024; Mar 14:
271678–X241239783.

5. Pearson K. On a form of spurious correlation which may
arise when indices are used in the measurement of organs.
Proc R Soc Lond 1897; 60: 489–498.

6. Maddock R. The problem of spurious correlations
between pairs of brain metabolite values measured in the
same voxel with magnetic resonance spectroscopy. JAMA

Psychiatry 2014; 71: 338–339.

7. Mikkelsen M, Rimbault DL, Barker PB, et al.
Big GABA II: Water-referenced edited MR
spectroscopy at 25 research sites. Neuroimage 2019;
191: 537–548.

8. Smucny J, Carter CS and Maddock RJ. Medial prefrontal
cortex glutamate is reduced in schizophrenia and moder-
ated by measurement quality: a meta-analysis of proton
magnetic resonance spectroscopy studies. Biol Psychiatry
2021; 90: 643–651.

Maddock 3




