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Abstract
An estimated 3.3 million people are living with a traumatic brain injury (TBI)-asso-
ciated morbidity. Currently, only invasive and sacrificial methods exist to study neu-
rochemical alterations following TBI. Nuclear magnetic resonance methods—mag-
netic resonance imaging (MRI) and spectroscopy (MRS)—are powerful tools which 
may be used noninvasively to diagnose a range of medical issues. These methods 
can be utilized to explore brain functionality, connectivity, and biochemistry. Unfor-
tunately, many of the commonly studied brain metabolites (e.g., N-acetyl-aspartate, 
choline, creatine) remain relatively stable following mild to moderate TBI and may 
not be suitable for longitudinal assessment of injury severity and location. There-
fore, a critical need exists to investigate alternative biomarkers of TBI, such as acr-
olein. Acrolein is a byproduct of lipid peroxidation and accumulates following dam-
age to neuronal tissue. Acrolein has been shown to increase in post-mortem rat brain 
tissue following TBI. However, no methods exist to noninvasively quantify acrolein 
in vivo. Currently, we have characterized the T1 and T2 of acrolein via nuclear mag-
netic resonance saturation recovery and Carr–Purcell–Meiboom–Gill experiments, 
accordingly, to maximize the signal-to-noise ratio of acrolein obtained with MRS. 
In addition, we have quantified acrolein in water and whole-brain phantom using 
PRESS MRS and standard post-processing methods. With this potential novel 
biomarker for assessing TBI, we can investigate methods for predicting acute and 
chronic neurological dysfunction in humans and animal models. By quantifying and 
localizing acrolein with MRS, and investigating neurological outcomes associated 
with in vivo measures, patient-specific interventions could be developed to decrease 
TBI-associated morbidity and improve quality of life.
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1  Introduction

Traumatic brain injuries (TBIs) remain a major public health concern; however, 
advancements in the quantitative assessment of these injuries are lacking. In 
2010, 2.5 million TBI-associated emergency department visits, hospitalizations, 
and deaths were reported in the United States [1]. However, this is largely an 
underestimate, since many TBIs, especially mild TBI, go unreported. The eco-
nomic burden associated with these injuries is estimated at $76.5 billion, includ-
ing both direct and indirect medical costs [1]. The Centers for Disease Control 
and Prevention define TBI as “a disruption in the normal function of the brain 
that can be caused by a bump, blow, or jolt to the head, or penetrating injury” [2]. 
Consequently, TBIs may result from a variety of events including contact sports, 
military training and combat, automobile accidents, and falls. In addition, TBI 
severity exists along a spectrum: mild, moderate, and severe. Depending on the 
severity of an insult, symptoms can range from mild headache and malaise to epi-
lepsy and severe cognitive impairment, or even death. Due to the wide range of 
complications associated with TBI sequalae, it is critical to develop quantitative 
and noninvasive methods to further understand the prognosis of, and implement 
patient-specific therapies for, these injuries. Doing so could provide a means to 
(1) determine location(s) of the injury, (2) quantify the severity of injury, (3) 
monitor recovery, (4) assess the efficacy of treatments and rehabilitation thera-
pies, and (5) improve the quality of life. However, no methods currently exist to 
noninvasively and quantitatively evaluate and monitor TBI.

Magnetic resonance spectroscopy (MRS) is a noninvasive nuclear magnetic 
resonance (NMR) technique that can be used to investigate the chemical profile 
of a specific body region. Clinically, MRS has been used to assist in the classi-
fication of brain tumors, altered brain metabolism, and multiple sclerosis [3–5]. 
These brain diseases can be classified by determining the concentration of metab-
olites in the range of 1–4 parts per million (ppm) on a 1H (proton) NMR spec-
trum. The most common brain metabolites include N-acetyl aspartate (NAA), 
choline (Cho), creatine (Cr), myo-inositol (mI), glutamate/glutamine (Glx), and 
lactate (Lac). Because MRS is both noninvasive and quantitative, it is a promis-
ing method for monitoring brain health following a TBI. However, the most com-
monly studied brain metabolites, listed above, show varying and minimal-to-no 
change following mild to moderate TBIs, making it difficult to translate this tech-
nique to the clinic [6, 7]. In addition, other factors may contribute to changes in 
these brain metabolites such as diet, sleep, and exercise, again making it difficult 
to form conclusions and translate to the clinic [8–11]. Because the commonly 
studied brain metabolites remain relatively stable following TBI and can be influ-
enced by many outside factors, it is necessary to investigate novel MRS biomark-
ers of brain injury.

Acrolein, an α,β-unsaturated aldehyde, has damaging effects on cellular func-
tions. Exogenously, acrolein is released into the environment when fats and oils 
are burned at high temperatures. Endogenously, acrolein is a byproduct of lipid 
peroxidation and is released when axons and myelin are damaged. In the brain, 
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acrolein can cause membrane damage and disrupt mitochondrial functions, ulti-
mately resulting in significant oxidative stress and cellular dysfunction and/or 
death [12–15]. Acrolein can persist in the body from hours to days following 
injury, making it a prime candidate for clinical MRS analysis and follow-up [14, 
16, 17]. In rat brain tissue, acrolein has been shown to increase following con-
tact and blast TBIs; however, current methods to quantify acrolein remain largely 
sacrificial [13, 18–20]. Less invasive methods have been attempted to quantify 
an acrolein byproduct, 3-HPMA, in urine. While successful in animal studies 
and in human subjects, methods are unable to specifically localize acrolein, a 
key piece of information required to predict functional loss and guide treatments 
[21]. Recent studies have discovered promising blood biomarkers for TBI [22, 
23]. However, similar to urine 3-HPMA, many blood biomarkers are not specific 
to the CNS, are only elevated acutely in cases of more severe TBI, and, therefore, 
have not been used clinically. Thus, it is crucial to investigate alternative bio-
markers using different methodologies that will not only provide temporal, but 
also spatial resolution.

Although a majority of MRS research focuses on the spectral range of 0–4 ppm, 
there has been increasing interest in metabolites downfield of 4 ppm, including larger 
macromolecules and aldehydes. Based on findings from the Human Metabolome Data-
base, acrolein, an aldehyde, shows resonances at 6.4 ppm and 9.3 ppm [24]. However, 
acrolein has not yet been investigated using the more clinically relevant method, MRS. 
In addition, acrolein levels have been shown to peak between 24 and 72 h post-TBI, 
making it a prime biomarker candidate for TBI given the time window commonly asso-
ciated with the development and reporting of symptoms [19, 25]. Notably, acrolein can 
be monitored over extended periods of time given its long half-life [16, 26].

Current methods to assess TBI are qualitative, invasive, and/or nonspecific. Using 
acrolein as a biomarker for TBI and standard MRS protocols, it is possible to map 
injury location and quantify injury severity. With knowledge of injury location and 
severity, patient-specific treatment and rehabilitation strategies can be developed to 
enhance recovery and decrease long-term morbidity. In addition, implementation of 
MRS does not rely on patient factors such as language, age, etc. and can thus be used 
in any clinical setting with access to an MRI. However, to become clinically translat-
able, methods must be developed and validated to noninvasively quantify acrolein with 
both high sensitivity and specificity. Using acrolein as a biomarker for TBI is novel and 
requires extensive experimentation before in vivo validation. In this work, we present 
results from NMR and pre-clinical 7 tesla (T) MRS experiments. Results from these 
experiments will guide the development of MRS protocols that can be used for in vivo 
experiments with rodents for eventual implementation in human subject protocols.

2 � Materials and Methods

2.1 � NMR Experimentation

Experiments for T1 and T2 relaxometry were conducted in an ARX300 (7T) NMR 
system (Bruker, Billerica, MA, USA). Neat acrolein (Sigma Aldrich, Cat. # 4S8501) 
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was diluted to 90  mM in D2O at 294  K. T1 relaxometry was performed using an 
inversion recovery sequence; eight-point measurements were acquired, with inver-
sion times of 0.01, 2.5, 5, 8, 12, 18, 30, and 50 s. T2 relaxometry was performed 
using the Carr–Purcell–Meiboom–Gill (CPMG) sequence with PROJECT sup-
pression of J modulation [27]; eight-point measurements were acquired, with delay 
times (between adjacent pulses) of 0.08054, 0.8054, 2.416, 4.832, 8.054, 16.108, 
24.162, and 32.216 s. Both the T1 and T2 experiments were performed in triplicate, 
and resulting spectra were averaged across the three trials. MestReNova [28] was 
used to calculate T1 and T2 relaxation times by fitting the curves with a three-param-
eter exponential fit.

Additional experiments were conducted in an AV800 (18.8T) NMR system 
(Bruker, Billerica, MA, USA). 1  M acrolein was diluted to 900  mM using D2O 
as the solvent. 1D 1H and NOESY experiments were conducted at 800 MHz, and 
the 1D 13C spectrum was obtained at 200 MHz. MestReNova was used for all data 
processing.

2.2 � MRS Experimentation

Corresponding to the 7T static magnetic field of the ARX300 NMR system, local-
ized MRS experiments were conducted in a 7T pre-clinical MRI system (Bruker 
BioSpec 70/30 USR, Billerica, MA, USA). Neat acrolein was diluted with MilliQ 
water to create three solutions: 1 M, 100 mM, and 10 mM. Solutions were prepared 
in 1.5 mL Eppendorf tubes and secured and centered in a circularly polarized mouse 
head 1H volume coil (RF RES 300 1H 023 M.BR QSN TR, Bruker, Billerica, MA, 
USA). Standard Point RESolved Spectroscopy (PRESS) was used for all MRS 
experiments. Based on our results from NMR experiments and the long T1 and T2 
expected from aldehydes, repetition time (TR) was adjusted for MRS experimenta-
tion using the following equation, where T1,water = 4 s, T1,acrolein = 12 s, and X = scal-
ing factor:

The scaling factor, X, was then used to determine the appropriate TR, where 
TRstd = TR of the standard PRESS sequence, X = scaling factor determined in Eq. 1, 
and TRacrolein = calculated TR for acrolein experiments:

Initial experiments were conducted to alter the TE and flip angle. How-
ever, there was no improvement in signal-to-noise ratio (SNR), and therefore, 
only TR was altered for all following experiments. PRESS parameters were 
adjusted (TE = 16.5  ms; TR = 6000  ms; 256 averages; 3 × 3 × 3  mm3 voxel; flip 
angle = 90°/180°/180°; pulse BW = 5.4/2.4/2.4 kHz, spoiler gradient duration 3 ms, 
read/phase/slice spoiler gradient strengths 56.0/56.0/56.0 mT/m around first refo-
cusing pulse, 6.6/79.2/79.2 mT/m around second refocusing pulse, t = 25:36  min. 
Standard localizing, B0 mapping, and shimming procedures were completed prior to 

(1)T1,water = X
(

T1,acrolein

)

.

(2)
TRstd

X
= TRacrolein.
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PRESS imaging. Data quality was checked using TopSpin (Bruker, Billerica, MA, 
USA) and later visualized and analyzed using MestReNova, which has the capabili-
ties to fit and quantify metabolites not available in TARQUIN. Data from PRESS 
experiments were Fourier transformed and peaks were integrated using water as an 
internal reference.

Phantoms were developed to simulate normal brain tissue. To prepare a whole-
brain phantom for acrolein injection and 7T MRS experimentation, measurements 
were calculated using percent values indicated on the “Braino” MRS phantom (GE 
Medical Systems, Milwaukee, WI, USA). Potassium phosphate monobasic anhy-
drous, 0.68% w/v (VWR Life Sciences, Cat. # 0781-500G), l-glutamic acid mono-
sodium salt monohydrate, 0.234% w/v (Alfa Aesar, Cat. # A12919), N-acetyl-l-as-
partic acid, 0.219% w/v (Sigma Aldrich, Cat. # 00920-5G), myo-inositol, 0.135% 
w/v (Dot Scientific, Cat. # DS154040-100), g sodium hydroxide, 0.226% w/v (pH 
buffer; BDH, Cat. #BDH9292-500G), creatine, 0.15% (Spectrum, Cat. # CR105), 
choline chloride, 0.05% w/v (Dot Scientific, Cat. # DSC1040-100), DL-lactic acid 
lithium salt, 0.05% w/v (MP Biomedicals, Cat. #100824), gadolinium, 0.047% w/v 
(contrast agent; Sigma Aldrich, Cat. # 381667), and sodium azide, 0.1% w/v (pre-
servative; Dot Scientific, Cat. # DSS24080-250) were measured using an analytical 
balance and dissolved with RODI water to make a 200 mL solution. The solution 
was equally portioned into 30 mL bottles, equating to 40 mL per bottle when filled 
to the brim. Metabolite concentrations were verified using a rat head/mouse body 
1H volume coil (RF RES 300 1H 075/040 QSN TR, Bruker, Billerica, MA, USA) 
and a standard PRESS sequence (TE = 16.5 ms; TR = 2500 ms; 256 averages; 3 × 3 
× 3 mm3 voxel). Data were processed and visualized using TARQUIN to compare 
whole-brain phantom metabolic concentrations to normal human neurometabolic 
concentrations [29]. 400 μL of 1 M stock acrolein was subsequently injected into the 
40 mL whole-brain phantom, creating a 10 mM solution. The phantom was centered 
in the volume coil and PRESS imaging was completed. Creatine (0.15% w/v) was 
used as the internal reference for whole-brain phantom analysis.

2.3 � Statistical Analysis

An unpaired, unequal variances, two-tailed t test ( � = 0.05) was performed to deter-
mine if there was a significant difference between average human brain metabolic 
concentrations and metabolic concentrations in the whole-brain phantom.

3 � Results

The whole-brain phantom was validated first using 7T MRS. Using water as an 
internal reference, the calculated concentrations of metabolites in the whole-brain 
phantom were not significantly different from average metabolic values of the 
human brain (Fig. 1; p = 0.75).

From the 7T NMR acrolein experiments, T1 for the proton peaks at 9.3  ppm 
equated to 13.31 s and T1 for the proton peaks between 6.3 and 6.6 ppm equated to 
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11.19 s (Fig. 2). T2 for the proton peaks at 9.3 ppm equated to 11.17 s and T2 for the 
proton peaks between 6.3 and 6.6 ppm equated to 9.26 s (Fig. 3).

PRESS spectra obtained from different dilutions of acrolein in the 7T scanner are 
shown in Fig. 4. For whole-brain phantom, 10 mM acrolein was detectable at 7T 
(Fig. 5). Results from water and whole-brain phantoms are summarized in Table 1. 
1D 1H and NOESY experiments conducted at 800 MHz are shown in Supplemental 
Figs. 1 and 2, and the 1D 13C spectrum obtained at 200 MHz is displayed in “Sup-
plemental Fig. 3”.  

With the increasing awareness of TBI in military training and combat and con-
tact sports, and the associated long-term disabilities associated with these injuries, 
it is critical to investigate novel methods to better localize and quantify injury sever-
ity. Doing so could offer valuable clinical insight to specialize patient treatment and 
rehabilitation plans. While some MRI methods, such as functional MRI and diffu-
sion tensor imaging, require intensive data processing, MRS data can be analyzed in 
the matter of minutes and include brain region spatialization and analysis of metabo-
lite concentrations. Studies analyzing metabolites in the 0–4 ppm range show rela-
tively inconsistent data regarding concentration changes following TBI, confirming 
the need to investigate alternative biomarkers.

Acrolein, an endogenous neurotoxin, is a prime candidate for investigating 
TBI, as it is known to increase in brain tissue following physical damage to neu-
ronal tissue. We have demonstrated that acrolein can be quantified in a pre-clin-
ical MRI system, suggesting further applications in animal and human studies. 
Using data obtained from ex vivo NMR experiments, in vivo MRS protocols can 
be adjusted to improve the SNR of acrolein, thereby decreasing the limit of detec-
tion from millimolar concentrations to micromolar. An analysis of peak-specific 
SNR from the 7T MRS experiments can be viewed in Supplemental Figs.  4–9. 
However, there remains a drop in signal when comparing NMR and MRS data. 

Fig. 1   Whole-brain phantom spectral validation. Spectrum from the whole-brain phantom was obtained 
using a standard PRESS sequence on a Bruker pre-clinical 7T MRI system with the Bruker rat head/
mouse body coil. Data were fitted using TARQUIN and a human brain basis set. Metabolites were not 
statistically different when comparing average human brain and whole-brain phantom values (p = 0.75) 
validating the use of whole-brain phantoms in future phantom analyses
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The large drop in signal can result from magnetic field inhomogeneities, gradi-
ent imperfections, sample concentration, acrolein purity and stability, and is con-
founded by the long acrolein-associated T2 compared to TE. Given acrolein is a 
small and mobile molecule, it has a high rate of molecular motion resulting in 
longer T1 relaxation [33]. Previous studies have reported long relaxation times 
associated with aldehydes, substantiating the long T1 and T2 of acrolein [30–32]. 
Similarly, given acrolein’s small molecular weight, size, and high rate of molecu-
lar motion, the T2-relaxation time is also long, though expectedly shorter than T1 
[34].

By obtaining T1 and T2, TR can be adapted to ensure acrolein reaches a desired 
magnetization for facilitating adequate signal. T1 refers to the time it takes for the 
protons of a particular molecule or metabolite to relax longitudinally, to which 
they are tipped using radiofrequency pulses, back to the z plane of the magnetic 
field. Because acrolein is a reactive, small aldehyde, its T1 relaxation time is quite 
long, thereby lengthening TR, and consequently, scan time (t = 25:36). Although 
the scan time is longer than typical spectroscopic imaging procedures, it can 
provide invaluable information regarding the precise location of an injury and 

Fig. 2   Calculation of T1 for each selected peak region performed by fitting the curves with a three-
parameter exponential fit, with delay time τ and relaxation rate R = 1/T1. T1 for the proton peaks at 
9.3 ppm equals 13.31 s, and T1 for the proton peaks between 6.3 and 6.6 ppm equals 11.19 s



1298	 N. Vike et al.

1 3

Fig. 3   Calculation of T2 for each selected peak region performed by fitting the curves with a three-
parameter exponential fit, with delay time τ and relaxation rate R = 1/T2. T2 for the proton peaks at 
9.3 ppm equals 11.17 s, and T2 for the proton peaks between 6.3 and 6.6 ppm equals 9.26 s

Fig. 4   PRESS spectrum 
obtained from 7T/300 MHz 
Bruker pre-clinical MRI 
system. Acrolein was diluted to 
three concentrations: 10 mM, 
100 mM, and 1 M. Acrolein 
peaks are located at 6.3 ppm, 
6.5 ppm, and 9.4 ppm. The 
spectrum confirms the sensitiv-
ity of a 7T pre-clinical MRI 
system to detect acrolein signal 
using PRESS
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relative concentration of acrolein following TBI. This procedure would be most 
valuable for patients who require rehabilitation following initial hospitalization 
as spatial acrolein maps could be used to indicate primary regions of injury for 
patient-specific rehabilitation plans.

To date, no MRS methods have been validated to give ground truth in  vivo 
metabolic concentrations, and the true, physiological levels of brain metabo-
lites remain unknown [35]. This is in part due to the inability to perform inva-
sive in vivo procedures to extract exact tissue concentrations. Methods do exist to 
quantify metabolites ex vivo; however, these values are not a true representation 
of physiological levels. To address these issues, quantitative methods have been 
developed to produce relative metabolite concentrations. The three most common 
methods for in vivo spectroscopy are (1) use of a phantom with known metabolic 
concentrations (i.e., an external reference), (2) use of an internal reference (e.g., 
water or creatine), or (3) use a basis set provided by a post-processing software 
[36].

Fig. 5   Spectrum from a 10-mM solution of acrolein injected into a whole-brain phantom. The spectrum 
relays the relative magnitude of signal obtained from acrolein compared to normal brain metabolites

Table 1   Results from acrolein peak integration

Acrolein peaks were manually integrated for all solutions using MestReNova. The complex multiplet was 
integrated between 6.3 and 6.6 ppm. The doublet was integrated between 9.25 and 9.4 ppm. Water was 
used as an internal reference for the water phantom and creatine was used as the internal reference for the 
whole-brain phantom

Solution concen-
tration

Phantom type Reference peak 6.3–6.6 ppm inte-
gration

9.25–9.4 ppm 
integration

10 mM Water Water 0.04 0.01
100 mM Water Water 0.09 0.03
1 M Water Water 0.84 0.27
10 mM Whole-brain Creatine 0.17 0.16
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The most widely used method is the use of an internal reference. Water exists 
in all biological tissues, including the brain. Because of its abundance, the water 
peak typically overshadows peaks of interest. To combat this problem, water is 
normally suppressed in parallel with the MRS pulse sequence. However, if a non-
water-suppressed scan is completed, the known concentration of unsuppressed water 
(i.e., 80 M in human brain) can be used as an internal reference [37–39]. Creatine, 
a known brain metabolite, may also be used as an internal reference; results using 
this method are reported as ratios to creatine (e.g., Glx:Cr) [36]. Creatine has been 
reported to remain stable in many TBI studies, hence its frequent use as a reference 
[40, 41]. However, some studies have reported changes in creatine following TBI 
[42].

Figures 4 and 5 depict the relative concentrations of acrolein using the internal 
reference methods described. Discrepancies between acrolein concentrations in the 
water phantom versus the whole-brain phantom result from use of a different refer-
ence molecule (i.e., water vs. creatine). Because creatine levels are not consistent 
across TBI MRS studies, best practice would be to conduct a non-water-suppressed 
reference scan and use water as an internal reference for acrolein concentration cal-
culations [42].

The possibility remains that signal will drop too significantly when transitioning 
protocols to phantoms to animal models and human subjects. In the case that acr-
olein is undetectable, byproducts can be investigated, such as 3-HPMA. In addition, 
acrolein is scavenged by the antioxidant, glutathione (GSH) which has been meas-
ured using MRS methods in human subjects. Acrolein has been shown to deplete 
GSH stores, and it can be hypothesized that GSH would decrease in the brain fol-
lowing TBI. However, GSH also scavenges other free radicals, making it impossible 
to conclude that a decrease in GSH corresponds solely to an increase in acrolein. 
However, using both 3-HPMA and GSH, it is possible to indirectly quantify acr-
olein, since 3-HPMA is a direct byproduct of the reaction between GSH and acr-
olein. An additional alternative would be the use of a human 7T MRI system. These 
systems are becoming increasingly popular for use in clinical research as the higher 
magnetic field greatly improves the SNR and quality of the data obtained. As 7T 
systems increase in popularity and use, it would be possible to implement animal-
based protocols devised and tested with 7T pre-clinical MRI systems (e.g., Bruker) 
on human subjects.

Overall, the quantification of acrolein using MRS, and potentially magnetic reso-
nance spectroscopic imaging (MRSI), could provide valuable information regard-
ing the location and severity of brain damage. MRS typically uses a single voxel 
which can be placed in any region of interest, whereas, MRSI can be used to quan-
tify metabolites across the entire brain. Future work must be done to improve the 
SNR of acrolein first using a single voxel, followed by translation to MRSI proto-
cols. Using MRSI also increases the scan time—a feature that must be considered 
when developing techniques for clinical use. However, the benefit of discerning 
precise injury location may vastly outweigh the disadvantage of lengthened scan 
time required to obtain the spectra. In addition, animal studies must be completed 
to (1) correlate injury severity with the normalized concentration of acrolein using 
the unsuppressed water signal as a reference, (2) establish a time course of acrolein 
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in vivo, over time, and (3) develop a model that can predict the severity of injury 
based on the concentration of acrolein observed. Finally, it is critical to develop a 
basis set for acrolein in the context of human brain MRS. This would allow for the 
use of brain-specific MRS tools, such as Tarquin and LCModel, for more accurate 
fitting of acrolein peaks in relation to other brain metabolites [43, 44]. In addition, 
this would eliminate the need for an unsuppressed water reference scan, thereby 
decreasing scan time and making it more feasible for clinical applications.

Due to the high incidence and prevalence of TBI, particularly at mild severity, 
and its association with long-term disabilities, it is crucial to investigate methods 
that can assist with the diagnosis, treatment, and rehabilitation of patients. Using 
acrolein as a biomarker for TBI, and adjusted MRS methods, it is possible to cre-
ate a map of injury severity across the brain. By doing so, a physician could assess 
where the most severe damage is located and implement patient-specific regimens 
for treatment and therapy. In addition, these methods could be used to evaluate the 
efficacy of pharmaceuticals developed to reverse existing, or prevent further dam-
age, following TBI.
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