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Abstract 

Introduction  Autism spectrum disorder (ASD) encompasses a heterogeneous group with varied phenotypes 
and etiologies. Identifying pathogenic subgroups could facilitate targeted treatments. One promising avenue 
is investigating energy metabolism, as mitochondrial dysfunction has been implicated in a subgroup of ASD. Lactate, 
an indicator of energy metabolic anomalies, may serve as a potential biomarker for this subgroup. This study aimed 
to examine cerebral lactate (Lac+) levels in high-functioning adults with ASD, hypothesizing elevated mean Lac+ 
concentrations in contrast to neurotypical controls (NTCs).

Materials and methods  Magnetic resonance spectroscopy (MRS) was used to study cerebral Lac+ in 71 adults 
with ASD and NTC, focusing on the posterior cingulate cortex (PCC). After quality control, 64 ASD and 58 NTC partici-
pants remained. Lac+ levels two standard deviations above the mean of the control group were considered elevated.

Results  Mean PCC Lac+ levels were significantly higher in the ASD group than in the NTC group (p = 0.028; Cohen’s 
d = 0.404), and 9.4% of the ASD group had elevated levels as compared to 0% of the NTCs (p = 0.029). No significant 
correlation was found between blood serum lactate levels and MRS-derived Lac+ levels.

Limitations  A cautious interpretation of our results is warranted due to a p value of 0.028. In addition, a higher 
than anticipated proportion of data sets had to be excluded due to poor spectral quality.

Conclusion  This study confirms the presence of elevated cerebral Lac+ levels in a subgroup of adults with ASD, sug-
gesting the potential of lactate as a biomarker for mitochondrial dysfunction in a subgroup of ASD. The lower-than-
expected prevalence (20% was expected) and moderate increase require further investigation to elucidate the under-
lying mechanisms and relationships with mitochondrial function.
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Background
Autism spectrum disorders (ASDs) encompass a wide 
range of phenotypic expressions and are rooted in com-
plex etiologies involving an interplay of environmental 
and genetic factors [1–4]. Diagnosis is currently based 
solely on behavioral criteria, and despite investigations 
of various potential diagnostic biomarkers, including 
metabolic markers, none have emerged as universally 
applicable or sufficiently specific [5–8]. This complex-
ity highlights the need to explore subgroups within ASD 
that are characterized by specific genetic, metabolic, 
and behavioral markers. Markers of energy metabolism, 
including lactate, are emerging as important pathoge-
netic midstream markers, potentially indicating a sub-
group with mitochondrial dysfunction [9–11].

Lactate is produced during anaerobic metabolism and 
serves as a critical metabolic intermediary in several 
organs, particularly the brain, where it is thought to facil-
itate energy transfer between astrocytes and neurons [12, 
13]. Elevated lactate levels are common in mitochondrial 
disease (MD), but it is important to note that they are not 
specific to MD, and normal lactate levels do not defini-
tively rule out MD [14–17].

MD can result from factors such as genetic variation 
[18], oxidative stress [19], environmental toxins [20], 
and certain drugs such as valproic acid [21]. Conversely, 
mitochondrial dysfunction refers to conditions with sub-
optimal mitochondrial function that do not reach the 
severity commonly seen in MD.

The link between energy metabolism and ASD was 
first described by Coleman and Blass in 1985 [22]. They 
identified lactic acidosis in several autistic individuals, 
suggesting the existence of a subgroup with carbohy-
drate metabolism abnormalities that affect mitochondrial 
function. Subsequent research using blood sample analy-
sis has consistently observed elevated lactate and pyru-
vate levels in ASD [23–30]. A meta-analysis of 68 studies 
by Rossignol and Frye [31] found that over 30% of chil-
dren with ASD have elevated lactate levels. The same 
meta-analysis highlighted a significantly higher preva-
lence of MD in individuals with ASD (approximately 5%) 
compared to the general population (0.02%) [32].

Compared to research on peripheral lactate levels 
in ASD, there is a limited number of studies investigat-
ing brain lactate concentrations using proton magnetic 
resonance spectroscopy (1H-MRS). Most previous 1H-
MRS investigations in ASD have focused primarily on 
metabolites other than lactate, specifically glutamate [33] 
or gamma-aminobutyric acid (GABA) [34]. Almost all 
previous studies of brain lactate in ASD have used 1.5 T 
scanners and found no significant differences between 
individuals with ASD and neurotypical controls (NTC) 
[35–40]. Only one of these studies reported detecting a 

lactate peak in one out of 15 children with ASD and none 
among the control group [35]. However, a more recent 
study by Goh et al. [41], using proton multiplanar spec-
troscopic imaging on a 3  T system, which has a higher 
sensitivity for detecting lactate [42], analyzed several 
brain regions in a larger sample of 75 individuals with 
ASD and 96 controls ranging in age from 5 to 60 years. 
The study found higher rates of lactate doublets in several 
brain regions, including the basal ganglia, corpus callo-
sum (CC), and cingulate structures in participants with 
ASD (13%) compared to controls (1%), and a significant 
correlation with age in the ASD group. No other MRS 
studies investigating lactate levels in individuals with 
autism could be found despite an extensive search.

Lunsing et al. [43] showed that brain tissue lactate lev-
els measured by quantitative MRS could serve as a diag-
nostic marker for MD in children, possibly with higher 
sensitivity compared to CSF-derived measurements.

Previous studies investigating brain lactate levels using 
MRS have relied on 1.5  T MR systems, which are not 
ideal for lactate measurement [42], or magnetic reso-
nance spectroscopic imaging (MRSI) [41], which, while 
capable of imaging multiple brain regions simultane-
ously, typically has reduced sensitivity compared to sin-
gle-voxel spectroscopy (SVS). This MRSI study detected 
the presence of lactate peaks without quantifying them. 
Therefore, our study for the first time used lactate-edited 
single-voxel MRS with a 3  T MR system to measure 
lactate concentrations in participants with and with-
out ASD. We focused on the posterior cingulate cortex 
(PCC) for two main reasons: This area exhibited lactate 
doublets in a previous study by Goh et al. [41], and our 
pilot tests revealed superior spectral signal quality in the 
PCC compared to other regions, such as the anterior cin-
gulate cortex. Based on previous data, we hypothesized 
that: (1) there will be elevated cerebral lactate signals in 
some individuals with ASD, with approximately 20% (as 
reported in adults by Goh et  al. [41]) displaying signifi-
cantly elevated concentrations, and (2) those with ele-
vated peripheral lactate levels will also have significantly 
higher MRS-measured cerebral lactate signals.

Methods
Participants
MRS spectra were acquired from 71 individuals with 
ASD and 71 NTC recruited at the Department of Psy-
chiatry and Psychotherapy at the University Medical 
Center Freiburg, Germany, following the Declaration 
of Helsinki and approval by the University Ethics Com-
mittee (Approval ID: 268/17). Participants gave written 
informed consent.

Participants with ASD, including Asperger’s Syndrome 
as defined by the Diagnostic and Statistical Manual of 
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Mental Disorders (DSM-5; 299.0) and International 
Classification of Diseases (ICD-10; F84.5), respectively, 
were enrolled, excluding those with known secondary 
genetic forms of ASD. The diagnoses were established by 
experienced senior psychiatrists with expertise in ASD 
according to the ICD-10 (F84.5) as well as DSM-5 crite-
ria (299.0). In addition, the following questionnaires were 
administered: Autism Spectrum Quotient (AQ) [44], 
Empathy Quotient (EQ) [45], and Social Responsiveness 
Scale 2 (SRS-2) [46, 47]. In cases of uncertainty, Autism 
Diagnostic Interview Revised (ADI-R) [48, 49] and the 
Autism Diagnostic Observation Schedule (ADOS) [50] 
were additionally utilized. The NTC group was recruited 
via advertisements.

Participants underwent a battery of diagnostic tests, 
including the Structured Clinical Interview (SCID I and 
II) [51, 52], Autism Spectrum Quotient (AQ) [44], Empa-
thy Quotient (EQ) [45], Social Responsiveness Scale 
2 (SRS-2) [46, 47] for ASD assessment; Beck Depres-
sion Inventory (BDI-II) [53, 54] for depressive symp-
toms; Wender Utah Rating Scale (WURS-k) [55, 56] 
for attention-deficit/hyperactivity disorder (ADHD) 
symptoms in childhood; Multiple Choice Vocabulary 
Test (MWT-B) [57, 58] for crystallized intelligence (IQ); 
Symptom-Checklist-90® (SCL-90-R) [59] for physical 
and psychiatric symptoms; and State Anxiety Inventory 
(STAI) [60, 61] for current symptoms of anxiety between 
blood sampling and before scanning.

Exclusion criteria included MRI contraindications (e.g., 
pregnancy, metal implants, claustrophobia), metabolic 
conditions (e.g., diabetes mellitus), obesity (BMI > 30 kg/
m2), neurological disorders such as seizures, and regu-
lar benzodiazepine use. Treated hypothyroidism did not 
result in study exclusion. For ASD participants, bipolar 
disorder, psychotic symptoms, and substance abuse were 
additional exclusion criteria. The NTC group consisted of 
participants without psychiatric disorders as assessed by 
the SCID, SCL-90-R, SRS-2, and WURS-k.

The day before data collection, participants were asked 
to refrain from physical exercise.

Data acquisition
Magnetic resonance imaging data were acquired at 
the Radiology Department of the University Medical 
Center Freiburg, Germany, using a Magnetom Prisma 
3  T system (Siemens Healthineers, Germany) with a 
20-channel head coil. A T1-weighted magnetization 
prepared rapid gradient echo (MPRAGE) protocol pro-
vided an anatomical 3D dataset (sagittal orientation, 
TR = 2000 ms, TE = 4.11 ms, FOV = 256 × 256 × 160 mm3, 
flip angle = 12°, voxel size = 1 × 1 × 1 mm3) for MRS plan-
ning and tissue segmentation.

In the spectroscopic measurements, a MEGA-sem-
iLaser sequence [62] (TR = 1650  ms, TE = 142  ms, 
flip angle = 90°, 192 averages, voxel center fre-
quency = 2.0  ppm) was used for lactate editing. The 
editing pulse (full width half maximum (FWHM) band-
width = 60  Hz) was applied at 4.1  ppm in the edit-ON 
shots and 5.3  ppm in the edit-OFF shots. For absolute 
water quantification using the water reference method 
[63], the same protocol was run without water suppres-
sion, with a voxel center frequency of 4.7  ppm and 16 
spectral averages.

SVS MRS voxels (25 × 25 × 25  mm3) were positioned 
over the splenium, specifically near the tentorium cer-
ebelli in the occipital region of the CC to maximize the 
signal-to-noise ratio and capture the PCC while minimiz-
ing cerebrospinal fluid inclusion (cf. Fig. 1 and Additional 
file 1: Information 1). Detailed parameters are shown in 
Additional file 1: Table S1.

Heart rate and respiration were monitored during the 
session to detect acute anxiety or hyperventilation, as 
they can elevate brain lactate levels [64–68].

Of the 71 collected MRS spectra, three from the ASD 
group and two from the NTC group were unanalyzable 
due to file corruption. We qualitatively assessed all spec-
tra for artifacts and fit quality. Datasets from four ASD 
subjects and eleven NTC subjects had spectral artifacts, 
primarily spurious echo artifacts [69] affecting peaks 
down-field of 3 ppm, resulting in poor fitting. Using data 
exclusion thresholds for tCr (FWHM > 8  Hz) [70], the 
final sample included 64 ASD and 58 NTC subjects after 
exclusion.

Our MRS parameter reporting follows the Minimum 
Reporting Standards as per in vivo MRS experts’ consen-
sus recommendations [71].

Information about blood collection, processing, and 
analysis is published elsewhere [72].

Data processing
Data analysis was performed using Osprey (v2.5.0) 
[73], an open-source MRS analysis toolbox in MAT-
LAB (R2022a). We used Osprey’s Linear Combination 
Model (LCM) algorithm to model the lactate-edited 
difference spectra and the edit-OFF spectra, using a 
basis set of twenty metabolites generated by density 
matrix simulations based on the FID-A toolbox [70]. 
The basis set included the twenty metabolites Ala (ala-
nine), Asp (aspartate), bHB (beta-hydroxybutyrate), tCr 
(total creatine), GABA, GPC (glycerophosphocholine), 
GSH (glutathione), Gln (glutamine), Glu (glutamate), 
H2O (water), mI (myo-inositol), Lac (lactate), NAA 
(N-acetylaspartate), NAAG (N-acetylaspartylglutamate), 
PCh (phosphocholine), PE (phosphoethanolamine), sI 
(scyllo-inositol), Tau (taurine), Thr (threonine). In the 
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lactate-edited difference spectrum, we added two Gauss-
ian components (MM12 and MM14) to account for co-
edited macromolecular (MM) signals, as described in our 
previous investigation of the acquisition technique [62]. 
A spline baseline with 0.55 ppm knot spacing accounted 
for background fluctuations. Fitting was performed in the 
spectral domain range (0.5–3.55  ppm). Average spectra 
are shown in Fig. 1 and Additional file 1: Fig. S1.

As lactate and threonine have resonances at similar 
spectral frequencies (~ 1.31  ppm), their signals strongly 
overlap, complicating distinct identification. Due to this 
overlap, our primary outcome was the sum of lactate and 
Thr, referred to as Lac+.

Statistical analysis
Test for normality
We initially used the Shapiro–Wilk test to verify the 
normal distribution of five Lac+ estimates from Osprey. 
These were: (1) the unadjusted Lac+ metabolite ampli-
tude; (2) the raw water-scaled Lac+ concentration, i.e., 
the Lac+ metabolite concentration divided by the water 
amplitude; (3) the water-scaled and CSF-corrected 
Lac+  concentration; (4) the water-scaled, CSF-corrected, 
and tissue-relaxations-corrected Lac+ concentration; 
and (5) the Lac+/tCR ratio. The data were normally dis-
tributed for all estimates and for both groups (ASD and 
NTC).

Fig. 1  MRS voxel Placement in the Posterior Cingulate Cortex and Aggregate OFF and Difference Spectra. The figure displays the superimposed 
MRS voxel placements for all participants within the posterior cingulate cortex, as shown in the sagittal (A) and transversal (B) views. The average 
spectra are represented by the green line, with the gray shading indicating standard deviation, and the yellow line depicting the model fit 
for the editing-off (C) and difference editing spectra (D)
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Fractional volume effects
Informed by theories such as the lactate-shuffle theory, 
suggesting differences in lactate concentrations across 
gray matter (GM), white matter (WM), and cerebrospi-
nal fluid (CSF), we conducted an empirical investiga-
tion. The aim was to determine which of the five lactate 
estimates (cf. 2.4. Test for Normality) best minimized 
these fractional volume effect. Since non-collinearity 
of independent variables is a fundamental assumption 
in ANCOVA models, we addressed the inherent collin-
earity between the voxels’ fractional GM, WM, and CSF 
volumes. Refer to Additional file 1: Information 2 for the 
method of calculating orthogonal fractional volume com-
ponents (FVC1 and FVC2) from GM, WM, and CSF, and 
for details on the rationale for using the raw water-scaled 
lactate concentration (Lac+) in further analyses. When 
comparing the above mentioned lactate estimates from 
Osprey, the raw water-scaled lactate concentration was 
the measure that was least biased by fractional volume 
effects (cf. Additional file 1: Table S3).

Effect of demographic and MRS quality‑related covariates 
on Lac+
Our next goal was to identify demographic and MRS 
quality-related covariates that might significantly impact 
Lac+ concentrations. (Group differences in measures of 
spectral quality are shown in Additional file 1: Table S2.) 
We examined the effects of age, relative residual differ-
ences, FVC1, FVC2, sex, and frequency shift in a linear 
regression model. Since none of these covariates showed 
a significant effect on Lac+ concentrations, we excluded 
these covariates from further analyses.

Lac+between‑group comparison
After confirming that no covariates significantly influ-
enced Lac+ concentrations and the Lac+ data were nor-
mally distributed, we analyzed group differences with a 
two-sample t test. We repeated the t test excluding par-
ticipants with a blood lactate concentration greater than 
1.5  mmol/L. Refer to Additional file  1: Information 3 
and Additional file 1: Table S3 for confirmatory analyses 
regarding other Lac+ estimates derived from Osprey.

In two additional ANCOVA models with the same 
covariates, we examined the group effect on tissue-cor-
rected and water-scaled concentrations of NAA and 
tCr. We tested the assumptions for the ANCOVA mod-
els, including homogeneity of variances between groups 
with Levene’s test and normality of residuals with the 
Shapiro–Wilk test. Because tCr failed the normality test, 
we log-transformed tCr concentrations and reran the 
ANCOVA.

In addition, we investigated whether a subgroup 
within the ASD population had elevated cerebral Lac+ 

concentrations. We established a reference range based 
on the control group, defining the upper limit of normal 
Lac+ concentrations as two standard deviations above 
the mean. We identified ASD and NTC subjects with 
and without elevated Lac+ levels and compared the fre-
quency of elevated Lac+ levels between groups using 
Fisher’s exact test.

Serum lactate between‑group comparison
Assessment of serum lactate levels revealed a non-nor-
mal distribution as determined by the Shapiro–Wilk test. 
To address this, we employed a Tukey’s Ladder of Pow-
ers transformation to mitigate data skewness. While this 
transformation did lessen the skewness, the distribution 
remained significantly non-normal according to a sub-
sequent Shapiro–Wilk test. Consequently, we utilized 
robust Yuen’s independent samples t test for trimmed 
means (WRS2 package) [74, 75] to probe group differ-
ences in the Tukey-transformed lactate levels. This analy-
sis focused on the MRS subsample of 64 individuals with 
ASD and 58 without, drawn from a larger original cohort 
of 73 ASD and 71 NTC participants, as described in 
our previous publication investigating blood markers of 
mitochondrial function [72].

Correlation of Lac+ with psychometric scores
To explore the relationship between Lac+ concentra-
tions and psychometric scores (including SRS-2, AQ, 
EQ, BDI-II, WURS-k, STAI, IQ) and participants’ age, we 
computed Spearman’s correlation coefficients for both 
groups and the ASD group specifically. Additionally, we 
computed correlation coefficients of the fractional GM, 
WM, and CSF volumes (fGM, fWM, and fCSF) with the 
psychiatric scores and age. Adjustments for multiple 
comparisons were not made at this stage as our focus was 
on exploring data relationships, not confirmatory claims. 
These correlations were visualized using a correlation 
matrix in R’s corrplot package.

Correlation of Lac+ with serum lactate
We also examined the link between brain Lac+ concen-
trations in the PCC and serum lactate levels using Spear-
man’s correlation coefficients for both the combined and 
ASD groups.

Influence of medication on Lac + concentration
To assess the influence of medication on PCC Lac+ con-
centrations, we used an ANCOVA model with Lac+ 
concentrations as the dependent variable, group as the 
independent variable, and a variety of medications as 
separate covariates. The medications considered included 
antipsychotics, atypical antipsychotics, serotonin–nor-
epinephrine reuptake inhibitors (SNRIs) or selective 
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serotonin reuptake inhibitors (SSRIs), other antidepres-
sants, lithium, stimulants, anticonvulsants (lamotrig-
ine), benzodiazepines (“standby medication”), and oral 
contraceptives.

Influence of day time on Lac+concentrations
To account for potential variations in lactate levels due 
to time of day, we ran two separate models: In a four-
time-period model, we divided the day into four peri-
ods: morning (7–10 am), noon (11 am–1 pm), afternoon 
(2–4  pm), and evening (5–8  pm). An ANCOVA model 
was run with Lac+ concentrations as the dependent 
variable, group as the independent variable, and time 
of day categorization as a covariate. In a two-time-
period model, we performed the same ANCOVA analy-
sis but divided the day into two parts: before noon (7:00 
am–12:00 pm) and after noon (1:00 pm–8:00 pm).

In addition, we measured one of the authors on 2 days 
in the morning and evening. Details are provided in 
Additional file 1: Information 4.

Results
Demography, psychometry, physiology, and medication
The two groups did not show significant differences in 
age, gender, and IQ, as shown in Table 1. However, they 
differed in autistic symptoms (AQ, EQ, SRS-2), ADHD 
symptoms in childhood (WURS-k), and depressive 
symptoms (BDI-II). In addition, the ASD group showed 
increased anxiety symptoms (STAI) before entering the 
scanner compared to the NTC group. These findings 
and the number of patients taking psychiatric medica-
tion are summarized in Table 1. The psychotropic drugs 
our patients receive do not pose an increased risk of 
lactic acidosis when taken at the recommended dosage. 
No patient took benzodiazepines on the days before the 
measurement or on the day of the measurement. None 
of the participants showed signs of a panic attack during 
scanning, such as hyperventilation or tachycardia, and 
none reported acute anxiety or panic in the debriefing.

Differences in PCC metabolite concentrations 
between ASD and NTC
There was a significant difference in Lac + concentrations 
between the ASD and NTC groups, as shown by the two-
sample t test analysis (t(119.25) = 2.23, p = 0.028, Cohen’s 
d = 0.404; cf. Fig.  2). After excluding subjects (one NTC 
and one ASD participant) with elevated serum lactate 
concentrations (> 1.5  mmol/L), the t test remained sig-
nificant (t(117) = 2.08, p = 0.0399, Cohen’s d = 0.380). No 
significant group effect was found in exploratory analyses 
of total NAA (tNAA = NAA + NAAG) (F(1,114) = 1.546, 
p = 0.216) and log-transformed tCr (F(1,114) = 0.056, 
p = 0.813). Detailed information on additional lactate 

estimates and exploratory analyses of tNAA and log-
transformed tCr concentrations can be found in Addi-
tional file 1: Table S3 and Additional file 1: Information 3.

Using a reference range based on the control group—
where the upper limit of normal Lac+ concentrations was 
defined as two standard deviations above the mean—we 
identified six individuals within the ASD group who had 
elevated Lac + concentrations (9.4%), compared to none 
in the NTC group. This difference in the frequency of 
elevated Lac+ concentrations was significant (p = 0.029), 
with all six ASD individuals having Lac+ concentrations 
between two and three standard deviations above the 
mean for the NTC group.

Differences in serum lactate concentrations between ASD 
and NTC
Group comparisons of blood serum lactate levels in the 
current sample—a subset derived from a previously pub-
lished larger sample [72]—revealed significantly lower 
serum lactate concentrations in the ASD group com-
pared to the NTC group (t(NA) = -2.25, p value = 0.029).

Table 1  Demographic, Psychometric, and Medication Data for 
ASD and NTC Groups

SRS-2 Social Responsiveness Scale, AQ Autism Spectrum Quotient, EQ Empathy 
Quotient, BDI-II Beck Depression Inventory, WURS-k Wender Utah Rating Scale, 
STAI State Anxiety Inventory, SNRI serotonin–norepinephrine reuptake inhibitor, 
SSRI selective serotonin reuptake inhibitor

Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001
a n (%); Mean ± SD
b Fisher’s exact test, two-sample t test, and Wilcoxon rank sum test

Characteristic ASD, N = 641 NTC, N = 58a p valueb

Sex 0.3

 Female 22 (34%) 25 (43%)

 Male 42 (66%) 33 (57%)

Age 36 ± 11.8 32 ± 9.6 0.2

BDI-II 15.5 ± 13.0 4.2 ± 4.8 < 0.001

AQ 35.7 ± 8.1 12.1 ± 5.7 < 0.001

EQ 21.0 ± 10.3 47.1 ± 11.0 < 0.001

SRS-2 108.4 ± 28.7 34.3 ± 14.5 < 0.001

WURS-k 26.9 ± 16.0 13.6 ± 10.5 < 0.001

IQ 115 ± 14.5 113 ± 12.6 0.6

STAI 23.7 ± 10.3 11.2 ± 6.0 < 0.001

Typical antipsychotics 2 (3.1%) 0 (0%) 0.5

Atypical antipsychotics 6 (9.4%) 0 (0%) 0.029

SNRI/SSRI 15 (23%) 0 (0%) < 0.001

Other antidepressants 15 (23%) 0 (0%) < 0.001

Lithium 2 (3.1%) 0 (0%) 0.5

Stimulants 4 (6.3%) 0 (0%) 0.12

Anticonvulsant 1 (1.6%) 0 (0%) > 0.9

Benzodiazepines (standby) 2 (3.1%) 0 (0%) 0.5

Oral contraceptives 2 (3.1%) 4 (6.9%) 0.4
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Correlation with psychometric scores
In the correlation analyses performed for the ASD 
group and for both groups combined, no significant 
correlation was found between Lac+ concentrations 
and psychometric scores or age of the participants (cf. 
Fig.  3). Only fractional volumes showed correlations 
with these scores. Specifically, there was a significant 
negative correlation between fGM and ADHD symp-
toms (as measured by WURS-k scores), age, and IQ 
across both groups (see Fig. 3). In addition, there was a 
significant positive correlation between fCSF, age, and 
IQ. When the analysis was restricted to the ASD group 
only, only the negative correlation between fGM and 
age and IQ and the positive correlation between fCSF 
and age remained significant (cf. Fig. 3).

Correlation with serum lactate
Our analysis indicated no significant correlation 
between serum lactate and Lac+ concentrations in the 
PCC for either the ASD group or the combined groups 
(cf. Fig.  4). We rerun the analysis excluding one NTC 
and one ASD participant with increased serum lactate 
levels (> 1.5  mmol/L). The correlation remained insig-
nificant (R = − 0.04, p = 0.792). Details of the group dif-
ferences in serum lactate levels between the ASD and 
NTC groups (T = − 2.58, p = 0.012) are reported else-
where [72].

Influence of medication on Lac+ concentration
Analysis with an ANCOVA model including all medica-
tions as covariates showed that the group effect identi-
fied in the t test remained significant (F(1,111) = 4.556; 
p = 0.035). Of the medications considered, only anticon-
vulsants showed a significant effect on Lac+ concentra-
tions (F(1,111) = 4.921; p = 0.029). It is important to note 
that this effect was attributed to only one individual with 
ASD who was taking anticonvulsants (lamotrigine) as an 
off-label medication.

Influence of day time on Lac+ concentration
Analyses with the ANCOVA models of the four-
time-period model showed a significant group effect 
(F(1,117) = 5.186; p = 0.025) and no significant effect for 
day time (F(3,117) = 0.344; p = 0.794). The two-time-
period model also showed a significant group effect 
(F(1,117) = 5.198; p = 0.024) but no significant effect for 
day time (F(3,117) = 0.506; p = 0.478).

Discussion
In this MRS study, we were able to confirm the hypoth-
esis that cerebral Lac+ levels in the PCC are elevated in 
adults with high-functioning ASD compared to NTC. 
However, only six individuals (9.4%) from the ASD group 
had elevated Lac+ levels (none from the NTC group), 
lower than the originally hypothesized 20%. There was no 
significant correlation between blood serum lactate levels 
and MRS-derived Lac+ levels in the PCC, and those with 
elevated cerebral Lac+ in the ASD group had normal 
serum lactate levels. In addition, there was no significant 
correlation between Lac+ concentrations and psycho-
metric scores, including autism and ADHD symptom 
severity, depression, and IQ.

The finding of elevated cerebral Lac+ in the PCC is 
consistent with previous research by Goh et  al. [41], 
who observed a higher prevalence of lactate doublets 
in several brain regions that included the CC and cin-
gulate structures and coincided with or were in close 
proximity to the location of the PCC voxel examined 
in our study. This supports the literature that has rel-
atively consistently reported elevated serum lactate 
levels in ASD [23–28], but contrasts with null results 
from previous MRS studies on 1.5  T MR systems 
[35–40], underscoring the importance of selecting the 
appropriate MRI methodology. In the MRS subsam-
ple analyzed in the current study, serum lactate levels 
were consistent with previously reported findings in 
the larger sample, with the ASD group having signifi-
cantly lower lactate concentrations compared to the 
NTC group [72]. Notably, none of the individuals with 
ASD had abnormally high serum lactate levels or clini-
cal signs suggesting the need for further investigation 

Fig. 2  Comparison of Lac+ Concentration in the Posterior Cingulate 
Cortex between ASD and NTC Groups via Boxplot. This figure 
illustrates the significant difference (p = 0.028) in the mean Lac+ 
concentration between the ASD and NTC groups in the posterior 
cingulate cortex. Notches indicate the standard deviation
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of mitochondrial dysfunction [72]. This could point 
to a possible compartmentalization of metabolic dys-
regulation, where the brain, but not the blood, exhibits 
increased lactate levels indicative of potential metabolic 
dysfunction specific to ASD. The six individuals with 
ASD with elevated cerebral Lac+ showed moderate ele-
vations in lactate concentration (between two and three 
standard deviations). The effect size of the difference in 
cerebral Lac+ concentration between groups was small.

The question remains whether, for a subset of indi-
viduals with ASD, mitochondrial dysfunction could be 
a potential pathomechanistic marker. In our study of 
high-functioning adults with ASD, there was no evidence 
of mitochondrial dysfunction based on blood analy-
sis of energy metabolism markers and cerebral lactate 
concentrations [72]. It is important to note that not all 
mitochondrial disorders result in elevated lactate levels 
[14–17] and the vast majority of mitochondrial diseases 

Fig. 3  Correlation Matrix of Psychometric Scores and Age with Lac+ Concentration and fractional Voxel Volumes. This matrix shows the correlations 
among psychometric scores and age with Lac+ concentration and GM/WM/CSF voxel volume fractions in the posterior cingulate cortex 
for the ASD group (upper graph) and both groups combined (lower graph). Circle size and color indicate the strength of the correlation (“R”). 
Notations: SRS-2 = Social Responsiveness Scale, AQ = Autism Spectrum Quotient, EQ = Empathy Quotient, BDI-II = Beck Depression Inventory, 
WURS-k = Wender Utah Rating Scale, STAI = State Anxiety Inventory, GM = Gray Matter, WM = White Matter, CSF = Cerebrospinal Fluid. Significance 
levels: *p < 0.05, **p < 0.01, ***p < 0.001
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lack sufficient biomarkers. Furthermore, the estimated 
prevalence of over 30% of children with ASD having ele-
vated serum lactate levels [31] was not reflected in our 
adult sample, where only one ASD and one NTC had a 
lactate concentration above 1.5  mmol/L. The 9.4% of 
ASD participants in our sample with elevated cerebral 
lactate is more consistent with the 13–20% prevalence of 
lactate doublets in individuals with ASD reported by Goh 
et al. [41].

In our study, we found no between-group differences 
in tNAA and tCR, which is in contrast to some pediat-
ric ASD studies that have reported lower NAA levels 
[76, 77]. Since NAA is predominantly synthesized in 
the mitochondria of neurons and in oligodendrocytes, 
one might expect that elevated lactate, as an indicator of 
mitochondrial dysfunction, would correspond to lower 
NAA levels [78, 79]. However, other adult studies have 
also reported no differences in NAA [80]. Decreased 
NAA levels in children may indicate a reduction in neu-
ronal density during developmental stages [76, 80]. How-
ever, elevated lactate levels do not imply a reduction in 
neuronal density.

While elevated lactate is typically associated with 
mitochondrial dysfunction, other factors such as 
stress, [81], physical activity [82, 83], and diet may also 

contribute [84]. We controlled for physical activity and 
found a significant decrease in blood lactate rather than 
an increase in the ASD group. In addition, Maddock 
et  al. reported only a relatively small increase in cere-
bral lactate after rigorous exercise [83]. While none of 
the subjects showed signs of an acute stress response 
in the form of hyperventilation or tachycardia during 
the measurement, which would also affect blood lactate 
levels [67], elevated state anxiety scores could indicate 
higher stress levels [81], which could affect cerebral lac-
tate levels. A high carbohydrate and low glycemic index 
diet may also affect lactate levels [84], which we did not 
control for or assess in our study (see Limitations). The 
discrepancies in MRS studies assessing cerebral lactate 
levels may be due to methodological differences. Previ-
ous MRS studies reporting no increase in cerebral lac-
tate levels used 1.5  T systems [35–40], and the lower 
field strength combined with small sample sizes in 
some studies [35, 37, 38] may have limited their sensi-
tivity [85] and power to detect differences or subgroups 
with elevated cerebral lactate levels. The only previous 
study reporting a significantly higher prevalence of lac-
tate doublets in ASD used a 3 T MR system [41]. None 
of these MRS studies used spectral editing techniques. 
Therefore, lactate quantification may be confounded by 
the presence of large overlapping lipid resonances [86].

Fig. 4  Scatterplot of Serum and Cerebral Lactate Levels in Posterior Cingulate Cortex. The scatterplot shows serum lactate concentration 
(x axis) against cerebral Lac+ concentration in the posterior cingulate cortex for the ASD group (red) and NTC group (blue). Regression lines 
with confidence intervals demonstrate no significant relationship between serum and cerebral lactate levels
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In summary, previous MRS studies have generally 
reported no increase, a smaller increase, or a smaller 
proportion of individuals with ASD with elevated cer-
ebral lactate levels [35–38, 38, 40, 40, 41] compared to 
serum lactate studies [31], which primarily reported 
higher lactate concentrations. This is in contrast to our 
study where only cerebral lactate levels were elevated in 
the ASD group. These discrepancies may be due in part 
to the focus of our study on high-functioning adults with 
ASD who do not have known genetic syndromes associ-
ated with autism and mitochondrial dysfunction, such as 
fragile X syndrome or the 15q11-q13 inverted duplica-
tion [87, 88]. In addition, the focus on adults may explain 
the lower prevalence of elevated lactate levels compared 
to studies using peripheral measurements [89], although 
the findings of Goh et  al. [41], who reported a higher 
prevalence of lactate doublets in adults, would suggest 
otherwise.

This study highlights the importance of a compre-
hensive approach to screening for energy metabolism 
abnormalities such as elevated lactate levels in multiple 
compartments and tissues, including blood serum, cer-
ebrospinal fluid, and brain. The study by Goh et al. [41] 
suggests that lactate signals may not be distributed uni-
formly across brain regions, and the reasons for this—
whether due to localized brain activity [89] or genetic 
mosaicism [90–95]—warrant further investigation.

Future research could use MRS techniques with high 
sensitivity to quantify lactate across various brain regions 
and might monitor lactate concentration changes in 
response to stimulus-induced brain activity [89, 96]. In 
addition, it would be beneficial for MRS studies investi-
gating lactate to include serum lactate measurements and 
other markers of mitochondrial dysfunction.

Limitations
Although our main result reached statistical significance 
with a p value of 0.028, we acknowledge that there is 
ongoing debate regarding the traditional threshold for 
statistical significance of p < 0.05, with some recent sug-
gestions advocating for a more stringent threshold of 
p < 0.005. Given this context, our findings should be 
interpreted cautiously and replicated in further studies to 
confirm their robustness.

We also acknowledge that intra-individual variation in 
lactate levels, which may be influenced by various factors 
such as time of day, physical status, carbon-rich diet, and 
exercise load, is a limitation of our study and warrants 
careful consideration in future research. Although partic-
ipants were asked to refrain from physical activity the day 
before data collection and we did not find a significant 
effect of time of day in our statistical models, longer-term 
effects, diurnal and dietary effects cannot be ruled out.

While medication does not appear to be the main fac-
tor in the increased Lac+ levels observed in the ASD 
group, other non-mitochondrial factors may be con-
tributing. In particular, the ASD group had significantly 
higher anxiety levels before entering the scanner, and 
although there were no clear signs of hyperventilation 
or panic, increased muscle tension due to anxiety could 
cause a slight increase in Lac+. However, we did not find 
a significant correlation between Lac+ signals and anxi-
ety scores. Future studies may benefit from including 
additional measures of respiratory status, such as cap-
nometry. In addition, our study had to exclude several 
participants due to severe artifacts in the MR spectra, 
possibly caused by head motion. Future research could 
monitor head motion during the MRI scan or even cor-
rect it prospectively [97]. Alternatively, improved head 
stabilization methods could be used, keeping in mind 
that the latter may increase anxiety, especially in the ASD 
group. Finally, it should be noted that standard MEGA 
editing techniques cannot distinguish lactate from Thr 
signals. This detection ambiguity could be resolved with 
low-bandwidth editing pulses, which require a real-time 
update of the RF carrier frequency during the MRS scan 
[98]. This may also decrease the amount of co-edited MM 
resonances and therefore reduce the variability associ-
ated with the necessary parametrization of their signals 
during linear-combination modeling.

Conclusion
Elevated lactate levels may suggest mitochondrial dys-
function in some individuals with ASD. It is possible that 
a mild form of mitochondrial dysfunction, localized to 
specific areas, could cause the elevated cerebral lactate 
levels. Future research should thoroughly investigate the 
causes of these elevated lactate levels, explore whether 
they are related to mitochondrial dysfunction, and try to 
understand their distribution in different areas and tis-
sues. It is also crucial to investigate whether these lac-
tate elevations in ASD are due to specific causes, such as 
mitochondrial DNA mutations [99].

Abbreviations
1H-MRS	� Proton magnetic resonance spectroscopy
ADHD	� Attention-deficit/hyperactivity disorder
ANCOVA	� Analysis of covariance
ASDs	� Autism spectrum disorders
Ala	� Alanine
AQ	� Autism Spectrum Quotient
Asp	� Aspartate
BDI-II	� Beck Depression Inventory
bHB	� Beta-hydroxybutyrate
BMI	� Body mass index
CSF	� Cerebrospinal fluid
DNA	� Deoxyribonucleic acid
DSM-5	� Diagnostic and Statistical Manual of Mental Disorders 5th edition
EQ	� Empathy quotient



Page 11 of 13Maier et al. Molecular Autism           (2023) 14:44 	

FOV	� Field of view
FVC	� Fractional volume component
FWHM	� Full width half maximum
GABA	� Gamma-aminobutyric acid
GM	� Gray matter
GPC	� Glycerophosphocholine
GSH	� Glutathione
Gln	� Glutamine
Glu	� Glutamate
ICD-10	� International Classification of Diseases
mI	� Myo-inositol
Lac	� Lactate
Lac+	� Lactate plus threonine
MD	� Mitochondrial disease
MPRAGE	� Magnetization prepared rapid gradient echo
MRI	� Magnetic resonance imaging
MRS	� Magnetic resonance spectroscopy
MWT-B	� Multiple choice vocabulary test
NAA	� N-acetylaspartate
NAAG​	� N-acetylaspartylglutamate
NTC	� Neurotypical controls
PCC	� Posterior cingulate cortex
PCh	� Phosphocholine
PE	� Phosphoethanolamine
RF	� Radio frequency
SCL-90-R	� Symptom-checklist-90®

sI	� Scyllo-inositol
SNRI	� Serotonin–norepinephrine reuptake inhibitor
SRS-2	� Social Responsiveness Scale 2
SSRI	� Selective serotonin reuptake inhibitors
STAI	� State Anxiety Inventory
SVS	� Single-voxel spectroscopy
Tau	� Taurine
tCr	� Total creatine
Thr	� Threonine
TR	� Repetition time
TE	� Echo time
WM	� White matter
WURS-k	� Wender Utah Rating Scale

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13229-​023-​00577-y.

Additional file 1. Supplementary information, tables and figure.

Acknowledgements
We thank Mia Menke, Frieder Lenhardt, Lena Sommer, Teresa Späth for subject 
recruitment and measurements and Sara Tucci for analyzing of the blood data.

Author contributions
SM wrote the paper. TL and MD setup the MRS protocol. SM, TL, and GO and 
MM performed the data analysis. SM performed the statistical analysis. SM 
and LTvE organized the study and created the study design. AS performed 
the analysis of serum lactate. KN, DE, KR, and LTvE recruited the patients and 
established the diagnosis. SM and MR performed the measurements and 
recruited neurotypical controls. LTvE, KN, TL, GO, DE, KR, AS, KR, and KD revised 
the manuscript critically focusing on clinical and statistical aspects. All authors 
were critically involved in the theoretical discussion and composition of the 
manuscript. All authors read and approved the final version of the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. The study 
was funded by the “German Research Foundation” (DFG ID: MA 7813/1-1 TE 
280/15-1).

Availability of data and materials
Demographic, psychometric, serum blood data, MRS-derived data, as well as 
basis sets, and the R code for statistical analysis, are available from the cor-
responding author on request.

Declarations

Ethics approval and consent to participate
The study followed the declaration of Helsinki and was approved by the Ethics 
Committee of the University of Freiburg, Germany (Approval ID: 268/17). All 
participants gave written informed consent.

Consent for publication
Not applicable.

Competing interests
KD: Steering Committee Neurosciences, Janssen. LTvE: Advisory boards, 
lectures, or travel grants within the last 3 years: Roche, Eli Lilly, Janssen-Cilag, 
Novartis, Shire, UCB, GSK, Servier, Janssen, and Cyberonics. All other authors 
declare that they do not have any conflicts of interest.

Author details
1 Department of Psychiatry and Psychotherapy, Medical Center – Univer-
sity of Freiburg, Faculty of Medicine, University of Freiburg, Hauptstraße 5, 
79104 Freiburg, Germany. 2 Medical Physics, Department of Radiology, Medical 
Center – University of Freiburg, Faculty of Medicine, University of Freiburg, 
Freiburg, Germany. 3 Russell H. Morgan Department of Radiology and Radio-
logical Science, The Johns Hopkins University School of Medicine, Baltimore, 
MD, USA. 4 F. M. Kirby Research Center for Functional Brain Imaging, Kennedy 
Krieger Institute, Baltimore, MD, USA. 5 Department of General Paediatrics, Ado-
lescent Medicine and Neonatology, Medical Center – University of Freiburg, 
Faculty of Medicine, University of Freiburg, Freiburg, Germany. 

Received: 28 June 2023   Accepted: 10 November 2023

References
	1.	 Kim SH, Macari S, Koller J, Chawarska K. Examining the phenotypic het-

erogeneity of early autism spectrum disorder: subtypes and short-term 
outcomes. J Child Psychol Psychiatry. 2016;57(1):93–102.

	2.	 Lai MC, Lombardo MV, Baron-Cohen S. Autism. The Lancet. 
2014;383(9920):896–910.

	3.	 Bölte S, Girdler S, Marschik PB. The contribution of environmental 
exposure to the etiology of autism spectrum disorder. Cell Mol Life Sci. 
2019;76(7):1275–97.

	4.	 de la Torre-Ubieta L, Won H, Stein JL, Geschwind DH. Advancing the 
understanding of autism disease mechanisms through genetics. Nat 
Med. 2016;22(4):345–61.

	5.	 Frye RE, Vassall S, Kaur G, Lewis C, Karim M, Rossignol D. Emerging 
biomarkers in autism spectrum disorder: a systematic review. Ann Transl 
Med. 2019;7(23):792–792.

	6.	 Goldani AAS, Downs SR, Widjaja F, Lawton B, Hendren RL. Biomarkers in 
autism. Front Psychiatry [Internet]. 2014 [cited 2023 May 31];5. https://​doi.​
org/​10.​3389/​fpsyt.​2014.​00100

	7.	 Garcia-Gutierrez E, Narbad A, Rodríguez JM. Autism spectrum disorder 
associated with gut microbiota at immune, metabolomic, and neuroac-
tive level. Front Neurosci [Internet]. 2020 [cited 2023 Jun 20];14. https://​
doi.​org/​10.​3389/​fnins.​2020.​578666

	8.	 Abi-Dargham A, Moeller SJ, Ali F, DeLorenzo C, Domschke K, Horga G, 
et al. Candidate biomarkers in psychiatric disorders: state of the field. 
World Psychiatry. 2023;22(2):236–62.

	9.	 Frye RE, Rossignol DA. Mitochondrial dysfunction can connect the 
diverse medical symptoms associated with autism spectrum disorders. 
Pediatr Res. 2011;69(5, Part 2 of 2):41R-47R.

	10.	 Goldenthal MJ, Damle S, Sheth S, Shah N, Melvin J, Jethva R, et al. 
Mitochondrial enzyme dysfunction in autism spectrum disorders; a 

https://doi.org/10.1186/s13229-023-00577-y
https://doi.org/10.1186/s13229-023-00577-y
https://doi.org/10.3389/fpsyt.2014.00100
https://doi.org/10.3389/fpsyt.2014.00100
https://doi.org/10.3389/fnins.2020.578666
https://doi.org/10.3389/fnins.2020.578666


Page 12 of 13Maier et al. Molecular Autism           (2023) 14:44 

novel biomarker revealed from buccal swab analysis. Biomark Med. 
2015;9(10):957–65.

	11.	 Weissman JR, Kelley RI, Bauman ML, Cohen BH, Murray KF, Mitchell RL, 
et al. Mitochondrial disease in autism spectrum disorder patients: a 
cohort analysis. PLoS ONE. 2008;3(11):e3815.

	12.	 Harris AD, Saleh MG, Edden RAE. Edited 1H magnetic resonance 
spectroscopy in vivo: methods and metabolites. Magn Reson Med. 
2017;77(4):1377–89.

	13.	 Patel AB, Lai JCK, Chowdhury GMI, Hyder F, Rothman DL, Shulman RG, 
et al. Direct evidence for activity-dependent glucose phosphorylation 
in neurons with implications for the astrocyte-to-neuron lactate shuttle. 
Proc Natl Acad Sci. 2014;111(14):5385–90.

	14.	 Haas RH, Parikh S, Falk MJ, Saneto RP, Wolf NI, Darin N, et al. The in-depth 
evaluation of suspected mitochondrial disease. Mol Genet Metab. 
2008;94(1):16–37.

	15.	 El-Hattab AW, Scaglia F. Mitochondrial cytopathies. Cell Calcium. 
2016;60(3):199–206.

	16.	 Yamada K, Toribe Y, Yanagihara K, Mano T, Akagi M, Suzuki Y. Diag-
nostic accuracy of blood and CSF lactate in identifying children with 
mitochondrial diseases affecting the central nervous system. Brain Dev. 
2012;34(2):92–7.

	17.	 Bricout M, Grévent D, Lebre AS, Rio M, Desguerre I, Lonlay PD, et al. Brain 
imaging in mitochondrial respiratory chain deficiency: combination of 
brain MRI features as a useful tool for genotype/phenotype correlations. J 
Med Genet. 2014;51(7):429–35.

	18.	 Gorman GS, Chinnery PF, DiMauro S, Hirano M, Koga Y, McFarland R, et al. 
Mitochondrial diseases. Nat Rev Dis Primer. 2016;2(1):1–22.

	19.	 Zorov DB, Juhaszova M, Sollott SJ. Mitochondrial Reactive Oxygen Spe-
cies (ROS) and ROS-induced ROS release. Physiol Rev. 2014;94(3):909–50.

	20.	 Meyer JN, Leuthner TC, Luz AL. Mitochondrial fusion, fission, and mito-
chondrial toxicity. Toxicology. 2017;1(391):42–53.

	21.	 Finsterer J, Zarrouk MS. Mitochondrial toxicity of antiepileptic drugs and 
their tolerability in mitochondrial disorders. Expert Opin Drug Metab 
Toxicol. 2012;8(1):71–9.

	22.	 Coleman M, Blass JP. Autism and lactic acidosis. J Autism Dev Disord. 
1985;15(1):1–8.

	23.	 Al-Mosalem OA, El-Ansary A, Attas O, Al-Ayadhi L. Metabolic biomarkers 
related to energy metabolism in Saudi autistic children. Clin Biochem. 
2009;42(10–11):949–57.

	24.	 Hassan MH, Desoky T, Sakhr HM, Gabra RH, Bakri AH. Possible metabolic 
alterations among autistic male children: clinical and biochemical 
approaches. J Mol Neurosci MN. 2019;67(2):204–16.

	25.	 Karim M, Begum S, Shahzadi S. Serum lactate, AST, ALT in male autistic 
children in Bangladesh. J Bangladesh Soc Physiol. 2016;10(2):56–60.

	26.	 Oh M, Kim SA, Yoo HJ. Higher lactate level and lactate-to-pyruvate ratio in 
autism spectrum disorder. Exp Neurobiol. 2020;29(4):314–22.

	27.	 Oliveira G, Diogo L, Grazina M, Garcia P, Ataíde A, Marques C, et al. Mito-
chondrial dysfunction in autism spectrum disorders: a population-based 
study. Dev Med Child Neurol. 2005;47(3):185–9.

	28.	 Shahjadi S, Khan AS, Ahmed MU. Mitochondrial dysfunction in early 
diagnosed autism spectrum disorder children. J Dhaka Med Coll. 
2017;26(1):43–7.

	29.	 Giulivi C, Zhang YF, Omanska-Klusek A, Ross-Inta C, Wong S, Hertz-
Picciotto I, et al. Mitochondrial dysfunction in autism. JAMA. 
2010;304(21):2389–96.

	30.	 László A, Horváth E, Eck E, Fekete M. Serum serotonin, lactate and pyru-
vate levels in infantile autistic children. Clin Chim Acta. 1994;229(1):205–7.

	31.	 Rossignol DA, Frye RE. Mitochondrial dysfunction in autism spectrum 
disorders: a systematic review and meta-analysis. Mol Psychiatry. 
2012;17(3):290–314.

	32.	 Rahman S. Mitochondrial disease and epilepsy. Dev Med Child Neurol. 
2012;54(5):397–406.

	33.	 Tebartz van Elst L, Maier S, Fangmeier T, Endres D, Mueller GT, Nickel 
K, et al. Disturbed cingulate glutamate metabolism in adults with 
high-functioning autism spectrum disorder: evidence in support 
of the excitatory/inhibitory imbalance hypothesis. Mol Psychiatry. 
2014;19(12):1314–25.

	34.	 Maier S, Düppers AL, Runge K, Dacko M, Lange T, Fangmeier T, et al. 
Increased prefrontal GABA concentrations in adults with autism spec-
trum disorders. Autism Res. 2022;15(7):1222–36.

	35.	 Chugani DC, Sundram BS, Behen M, Lee ML, Moore GJ. Evidence of 
altered energy metabolism in autistic children. Prog Neuropsychophar-
macol Biol Psychiatry. 1999;23(4):635–41.

	36.	 Hashimoto T, Tayama M, Miyazaki M, Yoneda Y, Yoshimoto T, Harada M, 
et al. Differences in brain metabolites between patients with autism and 
mental retardation as detected by in vivo localized proton magnetic 
resonance spectroscopy. J Child Neurol. 1997;12(2):91–6.

	37.	 Friedman SD, Shaw DW, Artru AA, Richards TL, Gardner J, Dawson G, 
et al. Regional brain chemical alterations in young children with autism 
spectrum disorder. Neurology. 2003;60(1):100–7.

	38.	 Friedman SD, Shaw DWW, Artru AA, Dawson G, Petropoulos H, Dager SR. 
Gray and white matter brain chemistry in young children with autism. 
Arch Gen Psychiatry. 2006;63(7):786–94.

	39.	 Corrigan NM, Shaw Dennis WW, Richards TL, Estes AM, Friedman SD, 
Petropoulos H, et al. Proton magnetic resonance spectroscopy and MRI 
reveal no evidence for brain mitochondrial dysfunction in children with 
autism spectrum disorder. J Autism Dev Disord. 2012;42(1):105–15.

	40.	 Corrigan NM, Shaw DWW, Estes AM, Richards TL, Munson J, Friedman SD, 
et al. Atypical developmental patterns of brain chemistry in children with 
autism spectrum disorder. JAMA Psychiatry. 2013;70(9):964–74.

	41.	 Goh S, Dong Z, Zhang Y, DiMauro S, Peterson BS. Mitochondrial dysfunc-
tion as a neurobiological subtype of autism spectrum disorder: evidence 
from brain imaging. JAMA Psychiatry. 2014;71(6):665–71.

	42.	 Barker PB, Hearshen DO, Boska MD. Single-voxel proton MRS of the 
human brain at 1.5T and 3.0T. Magn Reson Med. 2001;45(5):765–9.

	43.	 Lunsing RJ, Strating K, de Koning TJ, Sijens PE. Diagnostic value of MRS-
quantified brain tissue lactate level in identifying children with mitochon-
drial disorders. Eur Radiol. 2017;27(3):976–84.

	44.	 Baron-Cohen S, Wheelwright S, Skinner R, Martin J, Clubley E. The 
autism-spectrum quotient (AQ): evidence from asperger syndrome/high-
functioning autism, males and females, scientists and mathematicians. J 
Autism Dev Disord. 2001;31(1):5–17.

	45.	 Baron-Cohen S, Wheelwright S. The empathy quotient: an investiga-
tion of adults with Asperger syndrome or high functioning autism, and 
normal sex differences. J Autism Dev Disord. 2004;34(2):163–75.

	46.	 Bölte S, Poustka F, Constantino JN. Assessing autistic traits: cross-cultural 
validation of the social responsiveness scale (SRS). Autism Res Off J Int 
Soc Autism Res. 2008;1(6):354–63.

	47.	 Constantino JN, Gruber CP. Social responsiveness scale–second edition 
(SRS-2). Torrance: Western Psychological Services; 2012.

	48.	 Rutter M, Le Couteur A, Lord C. Autism diagnostic interview-revised Los 
Angel CA West. Psychol Serv. 2003;2003(29):30.

	49.	 Bölte S, Rühl D, Schmötzer G, Poustka F. Diagnostisches Interview für 
Autismus-revidiert (ADI-R). Bern Huber. 2006.

	50.	 Rühl D, Bölte S, Feineis-Matthews S, Poustka F. Diagnostische Beobach-
tungsskala für Autistische Störungen (ADOS). Bern Huber. 2004.

	51.	 Wittchen HU, Zaudig M, Fydrich T. SKID. Strukturiertes Klinisches Interview 
für DSM-IV. Achse I und II. Handanweisung. Göttingen: Hogrefe; 1997

	52.	 Wittchen HU, Wunderlich U, Gruschwitz S, Zaudig M. SKID-I. Strukturiertes 
Klinisches Interview für DSM-IV. Achse I: Psychische Störungen. Intervie-
wheft. Göttingen: Hogrefe; 1997.

	53.	 Beck AT, Steer RA, Brown GK. Beck depression inventory-II. San Antonio. 
1996;78(2):490–8.

	54.	 Beck AT, Steer RA, Brown G. Manual for the beck depression inventory-II. 
San Antonia: Psychological Corporation; 1996.

	55.	 Retz-Junginger P, Retz W, Blocher D, Weijers HG, Trott GE, Wender PH, 
et al. Wender Utah rating scale. The short-version for the assessment 
of the attention-deficit hyperactivity disorder in adults. Nervenarzt. 
2002;73(9):830–8.

	56.	 Retz-Junginger P, Retz W, Blocher D, Stieglitz RD, Georg T, Supprian T, 
et al. Reliability and validity of the Wender-Utah-Rating-Scale short form. 
Retrospective assessment of symptoms for attention deficit/hyperactivity 
disorder. Nervenarzt. 2003;74(11):987993.

	57.	 Lehrl S. Manual zum MWT-B: [Mehrfachwahl-Wortschatz-Intelligenztest]. 
6. Auflage. Balingen: Spitta GmbH; 2018.

	58.	 Lehrl S. Mehrfachwahl-Wortschatz-Intelligenztest: MWT-B [Internet]. 5. 
Spitta GmbH; 2005 [cited 2021 May 6]. https://​www.​lehma​nns.​de/​shop/​
mediz​in-​pharm​azie/​64541​89-​97839​34211​049-​mehrf​achwa​hl-​worts​chatz-​
intel​ligen​ztest

	59.	 Franke G. Die Symptom-Checkliste von Derogatis (SCL-90-R) - Deutsche 
Version - Manual. 2002.

https://www.lehmanns.de/shop/medizin-pharmazie/6454189-9783934211049-mehrfachwahl-wortschatz-intelligenztest
https://www.lehmanns.de/shop/medizin-pharmazie/6454189-9783934211049-mehrfachwahl-wortschatz-intelligenztest
https://www.lehmanns.de/shop/medizin-pharmazie/6454189-9783934211049-mehrfachwahl-wortschatz-intelligenztest


Page 13 of 13Maier et al. Molecular Autism           (2023) 14:44 	

	60.	 Spielberger CD, Gorsuch RL. STAI manual for the State-trait Anxiety Inven-
tory (“Self-evaluation Questionnaire”) [Internet]. Consulting Psychologists 
Press; 1970. http://​books.​google.​de/​books?​id=​Pp3ZA​AAAMA​AJ

	61.	 Spielberger CD, Sydeman SJ, Owen AE, Marsh BJ. Measuring anxiety and 
anger with the State-Trait Anxiety Inventory (STAI) and the State-Trait 
Anger Expression Inventory (STAXI). In: The use of psychological testing 
for treatment planning and outcomes assessment, 2nd ed. Mahwah: 
Lawrence Erlbaum Associates Publishers; 1999. p. 993–1021.

	62.	 Dacko M, Lange T. Improved detection of lactate and β-hydroxybutyrate 
using MEGA-sLASER at 3 T. NMR Biomed. 2019;32(7):e4100.

	63.	 Barker PB, Soher BJ, Blackband SJ, Chatham JC, Mathews VP, Bryan 
RN. Quantitation of proton NMR spectra of the human brain using 
tissue water as an internal concentration reference. NMR Biomed. 
1993;6(1):89–94.

	64.	 Maddock RJ, Buonocore MH, Copeland LE, Richards AL. Elevated brain 
lactate responses to neural activation in panic disorder: a dynamic 
1H-MRS study. Mol Psychiatry. 2009;14(5):537–45.

	65.	 Maddock RJ, Buonocore MH, Miller AR, Yoon JH, Soosman SK, Unruh AM. 
Abnormal activity-dependent brain lactate and glutamate+glutamine 
responses in panic disorder. Biol Psychiatry. 2013;73(11):1111–9.

	66.	 Dager SR. The vexing role of baseline: implications for neuroimaging 
studies of panic disorder. Int J Psychophysiol Off J Int Organ Psychophys-
iol. 2010;78(1):20–6.

	67.	 Harris AD, Roberton VH, Huckle DL, Saxena N, Evans CJ, Murphy K, 
et al. Temporal dynamics of lactate concentration in the human 
brain during acute inspiratory hypoxia. J Magn Reson Imaging JMRI. 
2013;37(3):739–45.

	68.	 Edden RAE, Harris AD, Murphy K, Evans CJ, Saxena N, Hall JE, et al. Edited 
MRS is sensitive to changes in lactate concentration during inspiratory 
hypoxia. J Magn Reson Imaging JMRI. 2010;32(2):320–5.

	69.	 Near J, Harris AD, Juchem C, Kreis R, Marjańska M, Öz G, et al. Preproc-
essing, analysis and quantification in single-voxel magnetic resonance 
spectroscopy: experts’ consensus recommendations. NMR Biomed. 
2021;34(5):e4257.

	70.	 Simpson R, Devenyi GA, Jezzard P, Hennessy TJ, Near J. Advanced process-
ing and simulation of MRS data using the FID appliance (FID-A)-An open 
source, MATLAB-based toolkit. Magn Reson Med. 2017;77(1):23–33.

	71.	 Lin A, Andronesi O, Bogner W, Choi IY, Coello E, Cudalbu C, et al. Mini-
mum reporting standards for in vivo magnetic resonance spectroscopy 
(MRSinMRS): experts’ consensus recommendations. NMR Biomed. 
2021;34(5):e4484.

	72.	 Nickel K, Menke M, Endres D, Runge K, Tucci S, Schumann A, et al. Altered 
markers of mitochondrial function in adults with autism spectrum disor-
der. Autism Res [Internet]. 2023. https://​doi.​org/​10.​1002/​aur.​3029.

	73.	 Oeltzschner G, Zöllner HJ, Hui SCN, Mikkelsen M, Saleh MG, Tapper 
S, et al. Osprey: open-source processing, reconstruction & estima-
tion of magnetic resonance spectroscopy data. J Neurosci Methods. 
2020;1(343):108827.

	74.	 Wilcox RR. Introduction to robust estimation and hypothesis testing 
[Internet], 4th ed. Amsterdam: Academic Press; 2017. (Statistical modeling 
and decision science). https://​www.​scien​cedir​ect.​com/​book/​97801​28047​
330/

	75.	 Yuen KK. The two-sample trimmed t for unequal population variances. 
Biometrika. 1974;61(1):165.

	76.	 Aoki Y, Kasai K, Yamasue H. Age-related change in brain metabolite 
abnormalities in autism: a meta-analysis of proton magnetic resonance 
spectroscopy studies. Transl Psychiatry. 2012;2:e69.

	77.	 Ford TC, Crewther DP. A comprehensive review of the 1H-MRS metabolite 
spectrum in autism spectrum disorder. Front Mol Neurosci. 2016;9(9):14.

	78.	 Kousi E, Tsougos I, Eftychia K. Proton magnetic resonance spectroscopy 
of the central nervous system. In: Novel frontiers of advanced neuroimag-
ing [Internet]. IntechOpen; 2013 [cited 2023 Sep 20]. https://​www.​intec​
hopen.​com/​chapt​ers/​41880

	79.	 Rae CD. A guide to the metabolic pathways and function of metabolites 
observed in human brain 1H magnetic resonance spectra. Neurochem 
Res. 2014;39(1):1–36.

	80.	 Aoki Y, Abe O, Yahata N, Kuwabara H, Natsubori T, Iwashiro N, et al. 
Absence of age-related prefrontal NAA change in adults with autism 
spectrum disorders. Transl Psychiatry. 2012;2(10):e178.

	81.	 Garcia-Alvarez M, Marik P, Bellomo R. Stress hyperlactataemia: pre-
sent understanding and controversy. Lancet Diabetes Endocrinol. 
2014;2(4):339–47.

	82.	 Ide K, Schmalbruch IK, Quistorff B, Horn A, Secher NH. Lactate, glucose 
and O2 uptake in human brain during recovery from maximal exercise. J 
Physiol. 2000;522(Pt 1):159–64.

	83.	 Maddock RJ, Casazza GA, Buonocore MH, Tanase C. Vigorous exercise 
increases brain lactate and Glx (glutamate + glutamine): a dynamic 
1H-MRS study. Neuroimage. 2011;57(4):1324–30.

	84.	 Hu JR, Wu Y, Sacks FM, Appel LJ, Miller ER III, Young JH, et al. Effects of 
carbohydrate quality and amount on plasma lactate: results from the 
OmniCarb trial. BMJ Open Diabetes Res Care. 2020;8(1):e001457.

	85.	 Bertholdo D, Watcharakorn A, Castillo M. Brain proton magnetic reso-
nance spectroscopy. Neuroimaging Clin N Am. 2013;23(3):359–80.

	86.	 Smith MA, Koutcher JA, Zakian KL. J-difference lactate editing at 
3.0 Tesla in the presence of strong lipids. J Magn Reson Imaging. 
2008;28(6):1492–8.

	87.	 Valenti D, de Bari L, De Filippis B, Henrion-Caude A, Vacca RA. Mito-
chondrial dysfunction as a central actor in intellectual disability-related 
diseases: an overview of down syndrome, autism, Fragile X and Rett 
syndrome. Neurosci Biobehav Rev. 2014;1(46):202–17.

	88.	 Filipek PA, Juranek J, Smith M, Mays LZ, Ramos ER, Bocian M, et al. Mito-
chondrial dysfunction in autistic patients with 15q inverted duplication. 
Ann Neurol. 2003;53(6):801–4.

	89.	 Urrila AS, Hakkarainen A, Heikkinen S, Vuori K, Stenberg D, Häkkinen AM, 
et al. Stimulus-induced brain lactate: effects of aging and prolonged 
wakefulness. J Sleep Res. 2004;13(2):111–9.

	90.	 Thorpe J, Osei-Owusu IA, Avigdor BE, Tupler R, Pevsner J. Mosaicism in 
human health and disease. Annu Rev Genet. 2020;54(1):487–510.

	91.	 Bizzotto S, Walsh CA. Genetic mosaicism in the human brain: from 
lineage tracing to neuropsychiatric disorders. Nat Rev Neurosci. 
2022;23(5):275–86.

	92.	 Nishioka M, Takayama J, Sakai N, Kazuno A, Ishiwata M, Ueda J, et al. Deep 
exome sequencing identifies enrichment of deleterious mosaic variants 
in neurodevelopmental disorder genes and mitochondrial tRNA regions 
in bipolar disorder. Mol Psychiatry. 2023. https://​doi.​org/​10.​1002/​mrm.​
29693.

	93.	 Rodin RE, Dou Y, Kwon M, Sherman MA, D’Gama AM, Doan RN, et al. The 
landscape of somatic mutation in cerebral cortex of autistic and neuro-
typical individuals revealed by ultra-deep whole-genome sequencing. 
Nat Neurosci. 2021;24(2):176–85.

	94.	 Sherman MA, Rodin RE, Genovese G, Dias C, Barton AR, Mukamel RE, et al. 
Large mosaic copy number variations confer autism risk. Nat Neurosci. 
2021;24(2):197–203.

	95.	 Lim ET, Uddin M, De Rubeis S, Chan Y, Kamumbu AS, Zhang X, et al. Rates, 
distribution and implications of postzygotic mosaic mutations in autism 
spectrum disorder. Nat Neurosci. 2017;20(9):1217–24.

	96.	 Pasanta D, He JL, Ford T, Oeltzschner G, Lythgoe DJ, Puts NA. Functional 
MRS studies of GABA and glutamate/Glx: a systematic review and meta-
analysis. Neurosci Biobehav Rev. 2022;2(144):104940.

	97.	 Maclaren J, Armstrong BSR, Barrows RT, Danishad KA, Ernst T, Foster CL, 
et al. Measurement and correction of microscopic head motion during 
magnetic resonance imaging of the brain. PLoS ONE. 2012;7(11):e48088.

	98.	 Robison RK, Haynes JR, Ganji SK, Nockowski CP, Kovacs Z, Pham W, et al. 
J-Difference editing (MEGA) of lactate in the human brain at 3T. Magn 
Reson Med. 2023. https://​doi.​org/​10.​1002/​mrm.​29693.

	99.	 Wang Y, Guo X, Hong X, Wang G, Pearson C, Zuckerman B, et al. Associa-
tion of mitochondrial DNA content, heteroplasmies and inter-genera-
tional transmission with autism. Nat Commun. 2022;13(1):3790.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

http://books.google.de/books?id=Pp3ZAAAAMAAJ
https://doi.org/10.1002/aur.3029
https://www.sciencedirect.com/book/9780128047330/
https://www.sciencedirect.com/book/9780128047330/
https://www.intechopen.com/chapters/41880
https://www.intechopen.com/chapters/41880
https://doi.org/10.1002/mrm.29693
https://doi.org/10.1002/mrm.29693
https://doi.org/10.1002/mrm.29693

	Increased cerebral lactate levels in adults with autism spectrum disorders compared to non-autistic controls: a magnetic resonance spectroscopy study
	Abstract 
	Introduction 
	Materials and methods 
	Results 
	Limitations 
	Conclusion 

	Background
	Methods
	Participants
	Data acquisition
	Data processing
	Statistical analysis
	Test for normality
	Fractional volume effects
	Effect of demographic and MRS quality-related covariates on Lac+
	Lac+between-group comparison
	Serum lactate between-group comparison
	Correlation of Lac+ with psychometric scores
	Correlation of Lac+ with serum lactate
	Influence of medication on Lac + concentration
	Influence of day time on Lac+concentrations


	Results
	Demography, psychometry, physiology, and medication
	Differences in PCC metabolite concentrations between ASD and NTC
	Differences in serum lactate concentrations between ASD and NTC
	Correlation with psychometric scores
	Correlation with serum lactate
	Influence of medication on Lac+ concentration
	Influence of day time on Lac+ concentration

	Discussion
	Limitations
	Conclusion

	Anchor 34
	Acknowledgements
	References


