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also in animal models using high-field magnets. MRS enables the measurement of

healthy animals and disease models. Such data open the way to a deeper understand-

ing of the underlying biochemistry, related disturbances and mechanisms taking place
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of metabolite concentrations and metabolic flux measurements. The properties of

high-field preclinical MRS and the technical limitations are also described.

KEYWORDS
anesthesia, brain metabolism, consensus review, dynamic MRS, neurochemical profile,
preclinical MRS

1 | INTRODUCTION

The use of rodents as experimental models provides a great opportunity to increase our understanding of human tissue development, function
and metabolism, which is relevant to better understand pathologies and to develop treatment strategies. While basic cellular or metabolic ques-
tions can be studied using in vitro models (e.g. cell cultures of different levels of complexity, from monotypic monolayers to complex organotypic
pluricellular cultures), understanding more complex traits of the living organism (e.g. interactions between different cell types, organ systems and
behavior) requires the use of in vivo experimental models, for which mice and rats have been the most widely used for many reasons such as their
proximity to the human genome, their short generation time and their small size.

In vivo MRI/MRS have become tools of choice to study and better understand the central nervous system (CNS) activity and metabolism as
well as human brain diseases, both in human subjects and through the use of animal models, including mice or rats. MRl and MRS have the great
advantages of being non-invasive and allowing an easy longitudinal follow-up of brain development and activity, disease evolution and treatment
efficacy.r While patients are usually followed in clinics using magnetic fields of 1.5 or 3 T, the development of new technologies, allowing
MRI/MRS at magnetic field strength of 9.4 T and higher, enables the study of the CNS in rodent models with unprecedented image/spectral reso-
lution, allowing for example the deciphering of up to 20 different neurochemicals by *H MRS (Table 1).#~¢ Moreover, combining MRS of various
nuclei (e.g. 1H, 13¢, 31p) broadens the range of brain metabolic and neurotransmission pathways available to study, including the time course of
metabolic activities, particularly with *3C MRS.”~?

This consensus recommendation paper aims at providing specific technical recommendations for MRS in preclinical studies of brain function,
metabolism and diseases using animal models, including a broad overview of technical specificities of 3C, 3P and *H MRS and the characteristics
of the corresponding in vivo MRS data. For MRS aspects and challenges common to clinical and preclinical studies, the reader is referred to the

other consensus reviews of this special issue.

2 | ANIMAL PHYSIOLOGY AND ANESTHESIA

For several reasons discussed below, rats have been considered for decades as better models than mice to tackle human pathology, and have
been used for a long time as models for surgery, exposure to toxins or pathological vectors, or development of treatments by exposure to various
agents (e.g. drugs, vaccines, viral vectors).'° In contrast, since 1980 and the availability of genetically modified mice (and particularly homologous
recombination technology),!! the mouse has been the most used preclinical model to investigate normal gene functions as well as human genetic
diseases. While generating genetically modified rats was much more difficult than for mice historically, the recent technologies (in particular
Crispr/CAS9)*2715 make the development of genetically modified rats easier and provide new and valuable rat models to better understand both
basic gene functions and human diseases.

Important differences exist between mice and rats, the two most used in vivo experimental models.*® While mice have advantages over rats
in their body size for reduced housing costs and in readily available genetic modification techniques, they are less used for brain metabolic imaging
studies due to the small size of the brain, and lower similarity to humans in terms of CNS metabolism and circuitry as well as behavior. In contrast,
while rats have higher costs for purchase, housing and consumables, they have long been recognized, especially in neuroscience and behavioral
research, as better models to study basic functions and metabolism of the CNS as well as human brain diseases because of their larger brain size,
their similarities to humans in terms of brain metabolism and more reliable behavioral tests as described below. In particular, while rat and mouse
brains develop in a very similar manner, several major differences have been identified in terms of circuitry and brain function, as well as of their
respective behaviors, making rats often better models for preclinical studies of human brain diseases. For examples, rats show a more social
behavior and are generally preferred to mice in cognitive tests, making them an attractive model for the study of autistic spectrum disorders; rats
and humans, in contrast to mice, show very similar levels and spatial distributions of 5-HTé serotonin receptors in the CNS, making rats very inter-
esting models for the study of drug addictions, psychiatric disorders such as schizophrenia and attention deficit hyperactivity disorders; some neu-

rodegenerative diseases, such as Parkinson's and Huntington's, are also better modeled in rats than mice (see Reference 17 and references
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TABLE 1 Summary of *H MRS detectable brain metabolites within the respective functional category.*>

Neurotransmission Energy metabolism Antioxidants Osmolytes Membrane metabolism
glutamate creatine glutathione taurine phosphoethanolamine
glutamine PCr ascorbate myo-inositol phosphocholine
GABA glucose scyllo-inositol glycerophosphocholine
N-acetylaspartylglutamate lactate NAA
aspartate alanine

glycine

therein for more examples and details). On the practical side, however, one disadvantage of working with rats over mice is the large change in
body size over their lifetime, which could require RF coil geometry adaption over lifetime. Mice are easier in this respect for MRS experiments.
Effective and standardized mouse MRI/MRS studies require attention to many aspects of the experimental design. One of the important
aspects of the experimental design is the anesthesia. Anesthesia is critical for in vivo preclinical MRI and MRS. It decreases the stress of the ani-
mals, potential pain in case of surgical intervention, and their biological motions, e.g. physical activity and head movement, as well as respiratory
and cardiac activities.*®~2° This section provides a brief overview of pre-anesthetic considerations, a review of the existing literature regarding
the effects of anesthesia on the neurochemical profile of rodents, i.e. rats and mice, and a practical guideline for selecting an appropriate anes-

thetic protocol for MRS studies of small animals.

2.1 | Pre-anesthetic considerations for in vivo MRS studies

The effect of anesthesia depends on a variety of factors including stress, strain, sex, circadian cycles, weight and age of the animals.2>%3 These
factors not only may change the effectiveness of anesthesia and required dosage but also may have a direct impact on MRS measurements of the
neurochemical profile in the rodent brain.®*

2.1.1 | Stress

Transporting, handling, restraining and injection of anesthetics may cause acute stress, which leads to alterations in physiological parameters, such as
corticosteroid and epinephrine levels, glucose levels, respiration and heart rate.>3 Some period of acclimatization, which takes in general between 24 h
and 48 h (up to 7 days following ethics legal guidelines), is necessary after transporting the animals to the imaging facility to decrease the stress level.>
The personnel working with animals should be well trained to acclimatize and handle the animals properly before anesthetizing the animals to reduce
potential acute stress before MRS experiments. Stress-induced alterations in physiological parameters such as corticosteroids may increase the required
dosage for proper anesthesia and alter the concentration of neurochemicals. A few MRS studies have successfully demonstrated the effect of stress on
the neurochemical profile in the rodent brain.**%” For example, female adolescent rats exposed to early life stress demonstrated reduced glutamate, glu-
tamine and N-acetylaspartate (NAA) compared with controls in the prefrontal cortex.3® In a chronic unpredictable stress rat model, increased gamma-

aminobutyric acid (GABA)/glutamine and glutamate/glutamine ratios have been positively correlated with plasma corticosterone levels.%”

2.1.2 | Strain

Genetic variation, i.e. genetic background, among mice is well documented. Earlier studies demonstrated that the genetic background of the
mouse strain can have a substantial effect on physiological parameters such as the sleep time of anesthesia and stress.>3%8-4° For example, Lovell
reported that there were variations in pentobarbitone sleeping time between mice from different strains.®® Strain-specific differences in neuro-
chemical concentrations have also been demonstrated in C57BL/6 compared with BALB/c and NMRI mice.** The concentrations of NAA, crea-
tine and phosphocreatine (PCr), choline-containing compounds, glucose and lactate were different between C57BL/6 and BALB/c mice,** and

glucose and lactate levels were different between C57BL/6 and NMRI mice.

2.1.3 | Weight

The effective dosage of anesthesia depends on the body weight of the animal. Obese rodents may react differently to anesthesia. Obesity is a

heterogenic condition, which may arise due to different factors, such as genetics and diet. Obesity should be considered as an important confounder
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when accounting for the effect of anesthesia on animal physiology and MRS findings. Alteration in body composition may affect the endocrine
response, cardiovascular and respiratory function, and pharmacological response of the animal to the anesthesia. It is important to take into account
the possible variations in drug absorption related to obesity. For example, obese rodents exhibit altered biodistribution of lipophilic agents, and they
have a low metabolic rate compared with lean animals. Lipophilic molecules, such as anesthetics and analgesics, may cause deposition of drugs in the
adipose tissue of obese rodents, and eventually delay the time onset of anesthetics.*>** Overall, the body composition of the rodents is an essential
confounding factor when accounting for effects of anesthesia on the animal physiology, which may affect MRS findings.

214 | Sex

The sex effect should be taken into account in collecting and analyzing MRS data. Few rodent studies reported a substantial effect of sex differ-
ences on the neurochemical profile of rodents.*>** The presence of menstrual cycle effects on the neurochemical profile of the human brain has

been demonstrated.**

However, the estrous cycle effect on the neurochemical concentrations of female rodents has not been thoroughly studied.
The sex effect should be taken into consideration when evaluating anesthetic effects. A variety of articles have discussed the effect of sex on
anesthetic dosages, metabolism and pharmacokinetics.22#°~*® Due to differences in sexual hormones, plasma corticosteroids and hepatic
enzymes between female and male rodents, the effects of anesthesia on animals’ physiological parameters may differ.3® Therefore, the dosage of
the anesthetic should be adjusted if the type of anesthesia is affected by the sex difference. For example, the suggested dosage for ketamine

anesthesia is higher for female mice compared with male mice.?2

2.1.5 | Circadian cycles

Rodents have circadian rhythms, which provide rhythmic variations in their many physiological functions, including hormones.*’ A recent in vivo
MRS study reported that diurnal changes occurred in the neurochemical profile in rats when MRS data were collected after light onset or offset.*° In
some animal facilities light onset and offset time points are reversed. Therefore, reporting the time of the experiment and the time schedule for light
onset and offset of animal facilities is an important parameter while assessing the data collected from randomly assigned experimental groups. The

timing of the experiments and treatment should be controlled and reported in order to increase the reproducibility between MRS studies.>®

21.6 | Age

The age of the animals has an important effect on the neurochemical profile of the rodent brain®%>2

and also on anesthetic variability. For exam-
ple, young mice (<8 weeks) cannot metabolize anesthetics as effectively as adult mice can.?? Therefore, the impact of the same levels of anes-
thetics on cerebral metabolites might be different in young mice relative to mature mice (>3 months). In a longitudinal setting, the brain size of
rodents may also change due to age or progression of a disease. For example, atrophy in the region of interest may occur due to a neurodegenera-
tive disease.>® The MRS voxel size may, therefore, need to be adjusted according to age or disease-dependent changes of the brain. If absolute
metabolite concentration is derived using unsuppressed tissue water, edema or age-related changes in water content of the brain should be taken

into consideration as well.

2.2 | Guidelines and recommendations for anesthesia protocols

A variety of inhaled and injectable anesthetics are available for MRS studies of rodents.?* The appropriate choice of the anesthetic procedure is
essential, as anesthetics may have variable effects on the neurochemical profile in rodents, as well as other side effects, as summarized in Table 2
and described in more detail in Supplementary Materials. A detailed discussion of the influence of inhaled and injectable anesthetics on the physi-
ology of animals and more information about the properties of these agents can be found elsewhere 18:19:22:54.55

The type, administration method and duration of anesthesia, as well as the dosage of the anesthetic, should be optimized carefully according
to the aims of each experiment.2+24-245¢ Overall, an inhaled anesthetic is easier to handle for MRI/MRS experiments due to its means of adminis-
tration, the possibility to adapt the dose inside the magnet during the experiment, its fast kinetics and ease of use for longitudinal studies. Infor-
mation about the drug doses of anesthetics that are commonly used in rodents in MRI and MRS studies can be found elsewhere.2® The correct
dosage of the anesthetic should provide adequate sedation but also adequate analgesia and less variability in physiological parameters during
MRI/MRS experiments.?° Monitoring and recording the respiration rate and temperature of animals under anesthesia is essential (if available,

pulse oximetry and electrocardiography can provide further control). If the experiment requires repeated exposure to the anesthetic, one having a
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TABLE 2 Characteristics of commonly used anesthetics and their impact on brain metabolites
Effect on brain metabolites | 1*
Physiological statistically significant changes(p <
effects Side effects 0.05) Type References
Propofol Rapid and Muscle twitching, apnea, hypotension, Lactate |, glutamate |* (compared Injectable ~ 292%
short-acting decreased cardiac output with isoflurane)
anesthesia
effect, fast
recovery time
Halothanes (e.g. Rapid and Respiratory depression, dose Lactate 1, GABA 1, Inhaled 2228
isoflurane, short-acting dependent hypotension, increased choline-containing compounds T,
sevoflurane) anesthesia cerebral blood flow, immune myo-inositol 7, glucose |, NAA T,
effect, fast suppression total creatine 1, creatine T,
recovery time glutamate 1, glutamine |, alanine
1 * (compared with without
isoflurane)
Thiopental Ultra-short Severe tissue necrosis (if administered Glucose 1* (compared with light Injectable 2024
acting via non-i.v. routes), prolonged alpha-chloralose)
recovery if the animal has low body
fat, myocardial depression,
decreased cardiac output,
hypotension
Pentobarbitone Poor analgesia Hyperexcitability, significant GABA | glucose |, taurine |, Injectable ~ 2025-27
characteristics cardiovascular depression in mice, propylene glycol 1* (compared
(more reliable hypotension in rats with isoflurane), glucose |
for rats than (compared with light
for mice) alpha-chloralose)
Ketamine Rapid analgesia Respiratory depression, pain in Glutamate |* (*H-'3C NMR study; Injectable ~ 18:20.28
but less injection side (due to low pH), 80 mg per kg ketamine treated
muscle increased cardiac output, heart rate, group compared with saline
relaxation blood pressure treated group)
Xylazine/ketamine  The synergistic Body temperature may decrease, Alanine |, ascorbate (or vitamin C) 7,  Injectable ~ 27%°
effect causes increased urination, defecation, aspartate 1, GABA 1, glycine T,
anesthesia salivation, ocular lesions, PCr 1 (compared with isoflurane)
with extended hypoglycemia
analgesia
Urethane Provides Mutagenic and carcinogenic in Lactate | (compared with no Injectable 3031
long-lasting experimental animals urethane group)
anesthesia
Alpha-chloralose Provides Poor analgesic properties, prolonged Unknown Injectable 32
long-lasting and poor recovery
light
anesthesia

quicker recovery phase and fewer side effects should be chosen. Providing an adequate environment for the animal not only during exposure to
anesthesia but also during the recovery phase is vital to prevent complications, such as hypothermia, stress and respiratory arrest (i.e., recovery
on a heating pad or under a heating lamp should be common practice). Ocular protection should likewise be provided, as rodents may keep their
eyes open under anesthesia. The correct application of anesthesia is essential, as inappropriate use of these agents may cause physiological insta-

bility and deleterious effects, including pain, fear, distress, hypothermia and hypoxia.'®

2.3 | Physiological parameters and physiological monitoring

A main limitation for animal subjects undergoing in vivo MRS under anesthesia is the impact of anesthesia on measurements, especially in studies
on brain metabolism. Although anesthesia helps acquire signals with minimal motion, minimal stress and maximal reproducibility, all anesthetic
drugs alter normal physiology in some way and may confound results.

An essential step to minimize these effects is to monitor physiological parameters during the animal preparation and during the scan.2%>7->?

Anesthesia typically induces hypothermia, which can impact energy metabolism. Moreover, a consistent anesthesia level among the analyzed
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groups is required to avoid biased results or to artificially increase the variability of the measured cerebral metabolic parameters. If anesthesia is
too light, this could lead in the worst case to partial awakening of the animal, potentially inducing stress, pain and motion. A careful monitoring of
the animal respiration frequency is a very good way to follow and adapt the anesthesia level.

It is recommended to monitor the body temperature and keep it stable (with the help of MR-compatible heating systems, such as a hot air
stream in the bore or a hot water pipe circuit). The temperature should be kept in the range of 36.5-37.5 °C for mice and 37.5-38.5 °C for rats.
The normal undisturbed respiration rate is ~100-180/min in mice and ~70-120/min in rats, and a decrease by 50% is acceptable during anesthe-
sia. If the breathing rate is too low, the animal will gasp and not oxygenate properly. It is recommended to first test the anesthesia protocol on the
chosen animal model in bench experiments through visual inspection of the animal. Further parameters such as blood parameters (pH, pO,,
pCO,...) and heart rate will help to monitor the physiology, but require more equipment and blood sampling, which is not always achievable in the

center of the MR scanner, especially considering the small blood volume of mice.

2.4 | MRS in awake rodents

Performing MRS with awake rodents is challenging and requires a relatively long training period for the animals to stay still during scans.
Restraining awake animals without proper training may induce stress and affect MRS results. For awake-rodent MRS studies, monitoring serum
cortisone levels and heart rate of the animals is recommended.®® There are a variety of methodologies for training and acclimating the animals to
the MRI environment.®?~4° These methodologies vary among different research centers and related ethical committees.®!

3 | HARDWARE

The small size of the brain and strong By inhomogeneity induced in the brain by the air/tissue interface are two major differences distinguishing pre-
clinical studies of small animals from clinical studies and leading to different hardware requirements. The small volumes of interest (VOls) (rats 50-150
uL, mice 2-15 pl) necessitated by the small size of the brain and significant regional differences in neurochemical concentrations benefit from ultra-
high magnetic field strength (9.4 T), where the increased sensitivity compensates for the reduced signal-to-noise ratio (SNR) due to the small size of
the VOI. The small VOls at ultra-high fields put higher requirements on gradient strength (ideally 2400 mT/m) compared with that for human systems,
which is typically 70 mT/m for 7 T clinical MR systems. It is known that rapid switching of magnetic field gradients stimulates impulses in peripheral
nerves, known as peripheral nerve stimulation, though these effects have hitherto not been reported to be of concern in preclinical research. Another
advantage of using ultra-high fields is the increased chemical shift dispersion, which helps to resolve overlapped resonances and simplifies strongly
coupled spin systems. However, to take advantage of the increased chemical shift dispersion and spectral resolution, By inhomogeneity needs to be
minimized by using an efficient shimming method and shim system, strong enough to compensate for the field gradient induced in the brain. Stronger
shims are required for the mouse brain than for the rat brain. In addition, the required strength of the shims in the mouse brain is region dependent.®®
At 9.4 T, shim strengths of up to 47 pT/cm2 for XZ, YZ, Z? and 23.5 pT/cm2 for XY and X2Y? are needed for mouse brain spectroscopy,®® while the
strength of the shims scales linearly with the field strength, since the amplitude of susceptibility-induced By inhomogeneity scales with the B, field
strength.®”%® Automatic shimming methods such as FAST (EST)MAP®%7° or 3D B, mapping’? can be used efficiently for shimming on preclinical sys-
tems. Regarding the By shim quality expressed as the full-width at half-maximum?? of water linewidths in a specific brain region, the lowest linewidths
can be achieved from more homogeneous regions, such as hippocampus and striatum (i.e. 9-12 Hz in the rat brain at 9.4 T for a voxel of 2 x 2.8 x
2 mm? for hippocampus and 2.2 x 2 x 2.5 mm? for striatum using FAST (EST)MAP). In the cerebellum, the water linewidth is broader (i.e. 14-17 Hz at
9.4 T in the rat brain for a voxel of 2.5 x 2.5 x 2.5 mm®) due to intrinsic properties of the tissue (i.e. microscopic heterogeneity).?®

The power of the RF amplifiers is lower in preclinical than in human systems, since much smaller and more efficient coils (either volume or
surface coils) are used on preclinical systems. Volume RF coils provide uniform images of the whole brain due to their homogeneous B; field.
However, when used for signal reception in MRS, they can lead to increased contamination from areas outside the VOI and collect more thermal
noise from the measured object due to their larger field of view. Surface coils provide much higher SNR from regions close to the RF coil and
higher B, efficiency than volume coils, but the B, field is spatially inhomogeneous. The usage of adiabatic RF pulses can mitigate B, inhomogene-
ity. It is also worth mentioning that, in contrast to human studies, legally unlimited B; and strong gradients enable the optimum RF coil
(or combination of RF coils) to be chosen for a specific experiment from the point of view of SNR and chemical shift displacement (CSD) error.
Combinations of volume coils for RF transmission and receive loops or receiver arrays have been used in a few recent pre-clinical
applications,”®~7¢ but rarely for brain studies. Such coil combinations can potentially improve the measurement in deeper brain regions and for *H
magnetic resonance spectroscopic imaging (MRSI), but are technically more complicated and experimentally challenging.

To maximize sensitivity, most *3C and 3P studies have used surface coils. The most commonly used arrangement is a combination of a
single-loop coil for *3C or *'P and quadrature coil for *H (Reference 77) or vice versa.”® 82 Alternate coil arrangements have been proposed to

further increase sensitivity with quadrature detection.”+8384
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Cryogenically cooled RF coils can be used for further noise reduction. For small sample volumes, the thermal noise in the coil and the receive
pathway is the dominant noise source. By cooling the respective components,®® in direct comparison with a room-temperature coil, a reduction
of the overall noise by a factor of 2-3 has been reported® (Figure 1). This enables a remarkable reduction of the acquisition time or acquisitions
from smaller volumes within a reasonable acquisition time. A limiting factor for the general usage of cryogenically cooled coils results from the

requirement of dominating coil noise, which restricts its application to small animals.5”88

4 | SEQUENCES AND ACQUISITION PROTOCOLS: *H MRS

The methodology of preclinical localized *H MRS is very similar to that of clinical *H MRS. In preclinical studies (in contrast to TE = 20-30 ms in ‘short-
TE” MRS protocols provided by manufacturers of human scanners), ultra-short-TE (<10 ms) spectroscopic localization sequences are usually possible to
achieve and preferentially used because they provide the most accurate quantitative information from a *H MR spectrum by minimizing the J evolution
in coupled spin systems and reducing T, losses. With the wide availability of ultra-high-field (9.4 T and above) preclinical MR scanners, minimal J-
modulation H MRS studies in rodents also benefit from the high spectral dispersion that enables the measurement of a large number of metabolites
including those (such as GABA, glutathione and lactate) that generally require spectral editing at lower magnet fields in clinical studies.®??°

The use of long TR minimizes signal attenuation due to T, weighting at the expense of a long acquisition time. The length of the acquisition time,
however, is not as critical an issue in preclinical studies (where rodents are carefully anesthetized and immobilized) as it is in clinical studies. T, relaxa-
tion times of metabolites in the rat brain are ~1.5 s at 9.4 T and similar beyond 9.4 T.?* Therefore, a TR of 4-5s would result in signal reduction of
3.6-7.0%, while a 20% change in T, will only lead to 2.6-3.9% signal difference for group comparison studies.

The localization performance of a *H MRS sequence is very important and the following properties should be considered when choosing the
localization sequence: (1) an ability to detect signals originating from the VOI; (2) an ability to suppress signals from outside of the VOI; (3) minimal
CSD error related to the bandwidth of the localization pulses; and (4) insensitivity to B; inhomogeneity, especially when using surface coils. There
are no region-specific requirements for the most frequently studied regions: cortex, striatum, corpus callosum, hippocampus. However, some spe-
cific regions (e.g. cerebellum, olfactory bulb) are more difficult to shim due to intrinsic properties of the tissue or are outside the sensitive volume
of RF coils and need careful B, and By shim adjustments.

Basic pulse sequences for localized spectroscopy were designed a long time ago and are still used in most preclinical studies. The most popu-
lar localization methods are based either on a stimulated echo (e.g. stimulated echo acquisition mode spectroscopy, STEAM?2%3) or on a double
spin echo (e.g. point-resolved spectroscopy, PRESS%%).

The STEAM sequence uses three slice-selective 90° pulses to form a stimulated echo; however, half of the magnetization available in the VOI
is lost with this pulse sequence. STEAM is suitable for short or even ultra-short-echo-time measurements (TE = 1 ms; Reference 93). Because of
the use of 90° pulses for localization, this pulse sequence has very small CSD error. The flatness of the sine function around an angle of 90° leads
to a reduced sensitivity of STEAM to B, variation compared with pulse sequences employing amplitude modulated refocusing pulses.

The PRESS sequence preserves all the magnetization available in a selected VOI. On the other hand, it is quite difficult to suppress all unde-

sired echoes created by pairs of slice-selective pulses in the double spin echo sequence. Thus, this sequence is mainly used at a longer echo time

NAA
PCr+Cr

Tau

FIGURE 1 Spectra acquired with the STEAM
sequence (TR/TE = 5000/3.5 ms, 384 averages)
ina 2.0 x 1.1 x 2.0 mm?® VOlI located in the
mouse frontal cortex. A cryogenically cooled *H
two-element phased-array transmit/receive coil
was employed for excitation and signal reception
(solid line). As a comparison, a 72 mm diameter
birdcage quadrature volume resonator was used
for excitation and a H receive-only 2 x 2 surface
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line). A 5.2-fold higher SNR was obtained with
the cryoprobe (CP) compared with the room- 4 35
temperature probe (RT)

.- Glu+GIn

Glu

Iy
/
I
|

\
1 /
\ /
1A
i~ \. ‘/ ‘\ {vi""‘v‘l \ 4

N
e

T
2.5 2 15 1 0.5
Chemical Shift (PPM)

-



o I\Il\’l" ET AL
212 L WILEY-Niiione =

(210 ms). In addition, its conventional 180° pulse cannot achieve a bandwidth as broad as adiabatic pulses, which limits the localization perfor-
mance of PRESS and increases CSD error in two spatial directions.

In recent years, novel methods of localized spectroscopy suitable for preclinical studies have appeared using adiabatic selective refocusing RF
pulses. The first sequence performing an accurate volume localization with seven adiabatic pulses (SADLOVE??) evolved into the full LASER (local-
ization by adiabatic selective refocusing) pulse sequence,?® which is a fully adiabatic single-shot 3D localization sequence, and does not require
outer volume suppression (OVS). It consists of a non-selective adiabatic half-passage (AHP) pulse followed by three pairs of slice-selective adia-
batic full-passage (AFP) pulses (Figure 2A). On preclinical scanners, an optimized LASER sequence can result in TE values ranging from 15 to
28 ms, similar to PRESS.>2°%97-? Due to the properties of the AFP pulses, clean profiles with sharp transitions are obtained and the CSD error is
minimal due to the large bandwidth of the AFP pulses, which are typically higher than 10 kHz. At 9.4 T on a preclinical scanner, the resulting CSD
error is typically 2.4%/ppm. The successive application of multiple AFP pulses in LASER suppresses J evolution in coupled spin systems and pro-

99-101

longs apparent T, resulting in much smaller signal loss for LASER than observed for other sequences at similar TE. For TE values between

15 and 28 ms at 9.4 T, the loss due to J evolution and T, is minimal®” (Figure 2B).

One-dimensional image-selected in vivo spectroscopy (ISIS)1°2

and a slice-selective single spin echo have been combined in a technique with
the acronym SPECIAL (spin echo, full intensity acquired localized spectroscopy).1°® Standard and semi-adiabatic versions of this sequence as well
as the advantages and disadvantages of this technique are described in detail in another paper of this issue.'®* The method has been successfully
used for short-echo-time localized spectroscopy (TE = 2.8 ms) in mice and rats.2%°71%7 Localization efficiency of all these sequences can be
improved by saturation of the magnetization outside the VOI using a series of slice-selective saturation pulses.

In all pulse sequences, efficient water suppression is important to eliminate the strong water signal, which can overlap with metabolite signals
and cause baseline distortion.2°® Total elimination of the residual water signal is possible with different methods, e.g. variable pulse power and
optimized relaxation delays (VAPOR) water suppression.”® Typical *H MRS acquisitions with STEAM, SPECIAL and LASER in rodents are pres-
ented in Figure 3, while a comparison of the features of those MRS pulse sequences used in preclinical studies is given in Table 3.

The calibration of the B, field for the VOI is a prerequisite for achieving excellent performance of MRS sequences with OVS and water sup-
pression, especially at high magnetic fields and using surface coils. Various methods can be used, e.g. adjusting amplitudes of the localization RF
pulses for the maximal signal, or By mapping methods based on double-angle,*%? stimulated echo*° or Bloch-Siegert shift.'** When the VAPOR

(A) Te
AFP AFP AFP AFP AFP AFP
AHP
RF-
Gx1 vapor

water
suppression H ” | ” |
Gy

gradients: O slice @ crushers

®) J refocusing

STEAM LASER

Te=5ms FIGURE 2 LASER sequence. A, LASER sequence with RF and gradient
pulses shown schematically. Volume selection with LASER is performed
with AFP pulses. Pulsed field gradients are used for suppressing outer-

Te= 28 ms JA volume signals (gray shading) and for slice selection (white). B, Simulated
scalar coupling evolution of glutamate at 9.4 T for STEAM sequence at TE
x2 |
T T T ]
4 3

=5 ms and 28 ms, and LASER sequence at TE = 28 ms. The successive
. : s | application of multiple AFP pulses in the LASER sequence suppresses J

4 3 2 1 . 2 1 evolution in coupled spin systems. The vertical scale for the STEAM
Chemical shift (ppm) Chemical shift (ppm) sequence has been multiplied by 2
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FIGURE 3 Example *H MR spectra obtained in rodent brains at 9.4 T (A) STEAM
with STEAM (A), SPECIAL (B) and LASER (C) sequences. A, STEAM

spectrum: rat brain, 2.3 x 1.3 x 2.5 mm?® voxel placed in the hippocampus,

TR =5s, TE =2 ms, TM = 20 ms, number of averages = 448. Spectrum is

shown with Gaussian factor = 0.15. B, SPECIAL spectrum: rat brain, 2 x

2.8 x 2 mm® voxel placed in the hippocampus, TR = 4, TE = 2.8 ms,

number of averages = 160. C, LASER spectrum: mouse brain, 1.7 x 2.25 x

2.25 mm?® voxel placed in hippocampus, TR = 4 s, TE = 27 ms, number of

averages = 384. The STEAM spectrum was provided by Ivan Tka¢

(B) SPECIAL

(© LaseEr

| T T T T T T T T 1
50 45 40 35 30 25 20 15 10 05

Chemical shift (ppm)

TABLE 3 Comparison of features of *H MRS localization pulse sequences used in preclinical studies.

Sequence characteristics STEAM SPECIAL LASER
Fraction of available signal (%) 50 100 100
Single-shot method yes no yes
Localization performance ++ ++ +++

Sensitivity to B; inhomogeneity — —_— _

Sensitivity to motion - J— _

TE (ms) 2 2.8 15-28
CSDE/ppm in 3 directions at 9.4 T (9,9, 9%) (4,12, 4%)° (2.4,2.4,2.4%)°
Flexibility for spectral editing +++ +++ duds
Requirement of T, or Ty, decay knowledge for quantification no no yes

For this table, the original form of SPECIAL is considered rather than semi-adiabatic form of SPECIAL. STEAM refers to the in-house implementation of the
typical vendor provided STEAM sequence with improved features, such as shorter TE, better localization and OVS performance.

The evaluation of the localization performance considers the sequences as currently implemented, including OVS modules for STEAM and SPECIAL.

The requirement for By may is Not very different between sequences because to achieve such short TE for STEAM and SPECIAL very short localization
pulses (which require high B4) are used.

Large numbers of + signs indicate positive attributes, e.g. enhanced localization performance.

Large numbers of — signs indicate negative attributes, e.g. increased motion sensitivity.

20.5 ms 90° asymmetric sinc pulses for three directions.

0.5 ms 90° and 180° asymmetric sinc pulses for excitation and refocusing; 2 ms AFP for inversion in the 1D ISIS.

‘4 ms AHP (non-selective) pulse for excitation and six 1.5 ms AFP pulses for refocusing.
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water suppression scheme is optimized, the amplitudes of the water suppression pulses as well as the last inter-pulse delay can be finely adjusted
to minimize the residual water signal.

Similar to human neurochemical profile data, the acquired (i.e. raw) pre-clinical data are handled as follows: (1) data are preprocessed, a proce-
dure sometimes just called “processing”, (e.g. combination of signals from different RF coils, removal of motion corrupted scans, frequency and
phase drift correction, combining averages, eddy current correction and, if needed, water peak removal); (2) the intensity of the metabolite
signal(s) of interest is often estimated by linear combination model fitting; and (3) the dimensionless signal intensity units are converted to scaled
concentration estimates, a process called quantification. For pre-clinical data the quantification is slightly simpler due to the fact that the rodent
brain contains mainly gray matter and thus no brain segmentation is performed provided that the MRS voxel is localized in a specific brain region
with no cerebrospinal fluid contamination. Moreover, pre-clinical data are often acquired under almost fully relaxed conditions (ultra-short TE and
long TR) and thus relaxation corrections are not required. Finally, water or total creatine is usually used as an internal reference. For more details
on state-of-the-art processing, analysis and quantification, the reader is referred to the experts’ recommendation article on this topic in this spe-
cial issue.**? For the analysis of already preprocessed *H MRS data we recommend the use of a linear combination model fitting, e.g. using a soft-
ware that allows the decomposition of the spectrum into individual spectra of particular metabolites, using a metabolite basis set such as
LCModel, 113114 jMRUI/QUEST*® or others.12¢ In addition to metabolites, the basis set used should include the experimentally acquired macro-
molecular spectrum. It has been reported that the macromolecular content and spectral pattern are not different in healthy rodents between the

hippocampus, cortex and striatum,*”:118

mainly due to the fact that the rodent brain contains mostly grey matter. Thus, assuming a uniform spec-
tral pattern for the macromolecule (MM) spectra is a practical approach when fitting metabolite concentrations. Additionally, the total macromo-
lecular content was shown to change during development,**” with no change in the macromolecular pattern in normal brain. Note that one
recent study reported variation in macromolecular patterns during astrocyte reactivity in mice,*2° suggesting that group-specific macromolecular
spectra might be necessary in some disease applications. More information on the spectrum of MMs can be found in the next consensus paper of
this special issue.'??

1H MRSl is an approach that is becoming more popular in clinical scans. In rodents, MRS is not widely applied essentially because of the diffi-
culties related to the small rodent brain, the shimming of large volumes with many tissue interfaces and the limited SNR linked to a large partial
volume of muscle, skin and fat in the field of view of the RF coil. H MRSl is therefore still challenging to implement in preclinical studies in terms
of shim, water suppression artefacts and lipid contamination, particularly long measurement times, 22 the quality assessment of a huge number of

spectra, absolute quantification, precision and reliability of derived metabolite maps.

5 | SEQUENCES AND ACQUISITION PROTOCOLS: 3P MRS

31p js the 100% naturally abundant, NMR visible isotope of phosphorus. 3P MRS allows non-invasive measurement of the concentration of phos-
phorylated metabolites such as adenosine triphosphate (ATP), inorganic phosphate (P;) or PCr, which are involved in energy metabolism. Further-
more, 3P MRS combined with magnetization/saturation transfer can be used to quantify reaction rates of key metabolic enzymes, such as
creatine kinase or ATP synthase. 22 In addition, pH can be determined from the chemical shift difference between P; and PCr, while [Mg?*] can
be determined from the chemical shift difference between the a- and p-ATP resonances.?* Hence, 3!P MRS has an enormous potential to probe
metabolic features that cannot be assessed with other non-invasive techniques and is a complementary technique to *H MRS and *3C MRS. How-
ever, despite the abundance of 3P nuclei in vivo, 3P MRS entails three major hurdles compared with *H MRS.

i. The gyromagnetic ratio is low (~2.5 times lower than H), thus resulting in intrinsically low sensitivity. Going to higher magnetic fields as gen-
erally available for preclinical studies is beneficial to increase 3P MRS sensitivity,*2> especially considering the fact that metabolite T,
decreases with the field, possibly due to an increased contribution of chemical shift anisotropy to the relaxation.*?%

ii. T, relaxation time constants are short for some important metabolites such as P; (<80 ms) and ATP (<40 ms),*?7-128

so signal loss during the
echo time can be significant when using conventional single-shot localization sequences (e.g. STEAM, PRESS or LASER).
iii. The frequency range spanned by metabolites is large (~25 ppm, i.e. ~4000 Hz at 9.4 T), thus requiring broadband pulses, in particular to avoid

CSD error.

In a clinical context, the last two points are usually circumvented by using MRSI, or no spectroscopic localization at all, e.g. just exploiting the
sensitivity profile of a surface coil. These approaches are possible in humans because the contribution from skin, muscle and fat surrounding the
brain is small due to their small volume fraction, and because the large brain size allows MRSI with sufficient SNR. However, this can hardly be
translated to a preclinical context, because animal brains are smaller, which makes MRSI quite inefficient, and in general surrounded by a signifi-
cant amount of muscle in rodents and even more in primates. Hence for 3*P MRS in a preclinical context it is recommended to use one of the two

following localization approaches.
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1. ISIS combines several advantages: it is basically a zero echo time sequence although some T, relaxation occurs during the RF pulses, thus reducing
signal loss; localization can be achieved solely by adiabatic inversion pulses, which ensures efficient inversion throughout the volume even when
surface coils are used, provided sufficiently high transmit B, fields can be reached, thus avoiding signal loss due to incorrect flip angles; and the
large bandwidth that can be achieved with adiabatic pulses (with less constraint on maximal transmit B4 than with conventional pulses) reduces
CSD error. For excitation, AHP pulses can be used, also alleviating the need for accurate B, calibration. If conventional pulses are used, B4 calibra-
tion should be performed. This can be done for each experiment on the strongest in vivo peak (PCr) provided that the signal is strong enough, or
during a separate preliminary experiment on a 3*P-phantom (e.g. 100 mM tripolyphosphate in saline). Because it relies on the combination of sig-
nals collected over eight-scan cycles, ISIS is unfortunately less robust to motion and drifts than single-shot localization techniques. In addition,
optimal acquisition scheme should be used to avoid signal contamination due to T, smearing.?°

2. In OVS-based localization, the magnetization surrounding the VOI is destroyed by trains of RF pulses and crusher gradients. Because the mag-
netization within the VOl is (ideally) not perturbed, such localization limits signal loss due to relaxation. Also, as RF pulses used for OVS are not
meant to perform large flip angles, their bandwidth is less constrained by transmit B4 than that of 180° pulses, thus reducing CSD. If surface
coils are used, OVS can be made largely insensitive to B, inhomogeneity using BISTRO-type OVS trains.?*°

Note that OVS and ISIS can be combined to further improve localization.®3132 |n the end, when localization is performed, adequate shim-
ming within the VOI will allow observation of subtle spectral features, such as resolving two P; resonances at 4.9 and 5.3 ppm,**3 presumably
corresponding to intracellular and extracellular P; (see Figure 4). Distinguishing the two P; resonances in the brain should be considered as a signa-
ture of excellent spectral quality (in terms of both shim and SNR). 3P spectra can be processed with fitting algorithms that include prior knowl-
edge, such as AMARES®* or LCModel.1®5

6 | SEQUENCES AND ACQUISITION PROTOCOLS: **C MRS

In contrast to *H MRS, which is mostly used to measure concentrations of metabolites, *3C MRS allows convenient measurement of metabolic
rates in vivo. The low natural abundance of *°C (1.1%) makes it possible to use it as a non-radioactive tracer and to follow incorporation of *3C
label into downstream metabolites after injection of a **C-labeled precursor. The injected 1C-labelled molecules are called tracers for their ability
to trace biochemical pathways. Due to the limited sensitivity of in vivo 13C MRS and in order to increase significantly the substrate enrichment in
blood, they are typically not injected in trace amounts.

Detection of *3C label can be achieved either using direct *>C detection at *°C frequency, or indirect detection via protons attached to *°C
via heteronuclear editing (proton-observed carbon-edited, POCE) (see References 136-139 for reviews). Factors to consider for successful exper-
iments are detailed below.

ppm

FIGURE 4 A Effect of localization on 3P spectra in the rat brain at
9.4 T. The upper spectrum was acquired in a pulse-acquire experiment PCho wATP
(no localization), while the lower spectrum was acquired using an ISIS
localization sequence (voxel size 5 x 9 x 9 mm?®). Spectra were acquired
withTR = 8 s and 512 averages in both cases. A strong signal reduction
and baseline flattening are observed. B, Magnification of localized y T T 7' T T T
spectrum, with the corresponding metabolites ppm
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6.1 | Pulse sequences

Direct detection yields more biochemical information than indirect detection but requires larger detection volumes due to the lower sensitivity of
13C detection. Indirect detection is more suitable for small volumes (higher sensitivity), but greater spectral overlap makes detection of certain res-
onances difficult (e.g. resolved detection of glutamate and glutamine C2, or of glutamate and glutamine C3; see Figure 5).

For direct detection, most recent preclinical studies have used *H localization (e.g. ISIS) followed by polarization transfer,82141-143

which pro-
vides better sensitivity and excellent localization with a smaller CSD error than 1°C localization and excitation + nuclear Overhauser effect. Proton
localization is most often done using 3D-ISIS, because adiabatic inversion pulses provide large bandwidth (small CSD) and B, insensitivity, and
multi-shot localization is not an issue in anesthetized animals (minimal motion). Although most studies have used 3D-ISIS, in principle any *H local-
ization can be used prior to polarization transfer to *3C.

Polarization transfer, however, cannot be used for carbons with no directly attached protons (e.g. carbonyl/carboxyl carbons). In that case,
direct *3C localization must be used (e.g. 3D-ISIS). Polarization transfer also cannot be used to detect metabolites with very short T,
(e.g. glycogen).2441%5 For glycogen, localization with well optimized OVS and a short TR is recommended.14414°

For indirect detection, virtually every *H MRS sequence can be modified for heteronuclear editing by adding a 13C inversion pulse to every other
scan. Examples are ACED-STEAM,2! POCE with IS1S,14¢ POCE-PRESS,”414” POCE-LASER*® or BISEP-SPECIAL.1#? Adiabatic pulses mitigate the
effects of inhomogeneous B, with surface coils. Semi-selective pulses can be used in the *3C channel to separate overlapping resonances. 410

B, calibration for RF pulses in the 3C channel is not straightforward, as the low *3C signal in vivo is not sufficient for general routines such as
those used for *H or *'P. Therefore, a pre-calibration experiment for By (in the °C channel) is generally performed with a phantom containing
abundant *3C signal. In addition, a sphere containing 99% *3C formic acid is typically placed in the center of the 3C coil to correct for coil B, effi-

ciency differences between phantom and in vivo conditions due to different sample loading.

VOl = 400l

FIGURE 5 Invivo °C
spectra in the rat brain after
infusion of 70%-enriched
[1,6-13C,]glucose and mouse
brain after infusion of 70%-
enriched [U-'3C]glucose. A-C,
Rat. A, RF coil, viewed from the
top, consisting of a *H
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loops of 14 mm diameter) and an
. GIn-C3 inner *3C linearly polarized
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6.2 | Heteronuclear decoupling

Excellent coil design and additional RF filters are necessary to achieve sufficient electrical isolation between *H and *3C channels and avoid injection
of unwanted noise during decoupling. WALTZ-16 is the most commonly used decoupling scheme in preclinical *3C studies. Adiabatic decoupling can

be used to further improve performance.>* Unlike the case in humans, power deposition is generally not an issue in preclinical studies.

6.3 | Data processing

Both direct *3C MRS and indirect *H-3C MRS spectra should be processed with fitting algorithms that include prior knowledge, such as LCModel
or IMRUI/AMARES 132133

6.4 | 3Clabeled substrates

Most 13C studies in rodents have been performed in the brain and have used [1-*3C]glucose or [1,6-*3C,]glucose as infused substrate. These sub-
strates generate [3-*3C]pyruvate, which is then metabolized in the TCA cycle (primarily in neurons, with a smaller fraction metabolized in astro-
cytes). Labeling time courses are measured for downstream metabolites such as glutamate C2, C3, C4, glutamine C2, C3, C4 and (if there is
sufficient SNR) GABA C2, C3, C4. These time courses are then fitted with metabolic models (see below).

Other commonly used substrates are the following.

o [2-13Clacetate or [1,2-*3C,]acetate*?134-157: to study glial metabolism (acetate is a glial-specific substrate).

o [U-'3C¢lglucose®®: advantageous because it doubles enrichment in downstream metabolites compared with [1-**Clglucose, and is much
cheaper than [1,6-1°C,]glucose. When using indirect detection (with *3C decoupling), [U-13C¢]glucose gives identical results to [1,6-*°C,]glu-
cose. When using direct detection, spectra are more complex with [U-12C¢]glucose than with [1-13C] or [1,6-3C,]glucose due to labeling of
additional carbons (*3C-13C couplings).1*2

o [2-13C]glucose: to measure metabolism through pyruvate carboxylase.1>®

6.5 | Infusion protocols

13¢ infusion protocols aim to raise the blood fractional enrichment rapidly (within minutes) from natural abundance (1.1%) to a high enrichment
(60% or higher) and keep it elevated for the duration of the measurement. Blood samples are taken at regular intervals to determine the actual

fractional enrichment in each animal, which is then used as “input function” in the metabolic model.

6.6 | Metabolic modeling

Brain metabolic models can be divided into so-called one-compartment models and two (or more)-compartment models (see!36:138:139.159-161 ¢4
reviews). One-compartment models comprise one (primarily neuronal) TCA cycle rate. More complex two- and three-compartment models allow
determination of neuronal-glial metabolic rates such as glial TCA cycle rate, pyruvate carboxylase or glutamate-glutamine cycle.

More recently, models have also been developed to take into account the additional information from *3C-*3C isotopomers.162-164

6.7 | Hyperpolarized 3*C

The above section focused on conventional (non-hyperpolarized) *3C MRS. In vivo hyperpolarized *3C MRS is a relatively new technique that dra-
matically increases the SNR of the starting *C magnetization, but only for a few minutes until magnetization returns to thermal equilibrium with
T, relaxation. Hyperpolarized *3C allows fast measurement of the initial steps of substrate metabolism. With hyperpolarized *°C, labeled sub-
strates are chosen for their long T4, with *3C label on carbons with no protons attached (e.g. [1-*C]pyruvate). Most conventional localization
sequences cannot be used because they destroy the hyperpolarized magnetization after one shot. Most studies thus use fast MRSI sequences.

Hyperpolarized *3C is outside the scope of this paper, and we refer the reader to recent reviews.'6>~167
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| GENERAL CONSENSUS AND RECOMMENDATIONS

The anesthesia protocol should be carefully chosen and optimized considering the biological question to be addressed.

It is essential to monitor and record physiological parameters (at least body temperature and respiratory rate) under anesthesia.
Transmit/receive surface coils are recommended to maximize transmit B; (and thus maximize RF pulse bandwidth) and increase SNR for MRS.
B; calibration should always be performed in preclinical scanners. For 3C MRS, a precalibration with a phantom is recommended.

1H MRS sequences enabling robust and efficient localization (low CSD, no extracerebral lipid contamination) are recommended. Currently
recommended MRS sequences are adiabatic full-intensity sequences (e.g. LASER) for their robustness towards B; inhomogeneity; when
ultra-short echo times are required, SPECIAL or STEAM are recommended. OVS has to be included for advanced ultra-short TE STEAM or
SPECIAL sequences.

In relation to the previous point: we recommend CSD not to exceed 10% over the range of metabolites of interest (e.g., for a spectral region
from ~1.3 to ~4.3 ppm in the case of *H MRS, the pulse bandwidth should be ~1000 Hz/T or more).

Efficient water suppression (e.g. using a VAPOR module) should be used for *H MRS.

Minimal quality standard should be met on H spectra: symmetric line shape; linewidth smaller than ~0.05 ppm for singlets (ideally ~0.03 ppm);
water residual not much higher than the highest metabolite peak (typically NAA); no lipid contamination from the scalp, no baseline distortions.
For 3P MRS, OVS or ISIS + OVS are recommended.

For *3C MRS, ISIS + adiabatic DEPT is recommended in order to maximize the available biochemical information, if detection efficiency is suffi-
cient (depending on voxel size and depth, final enrichment achieved with the chosen labelled substrate); in the case of low final 3¢ labelling of
the molecules of interest or a small/deep acquired voxel, POCE-LASER or POCE-SPECIAL are recommended for *H{*3C} MRS.

Preclinical MRS data should be quantified using a fitting algorithm that allows for a robust decomposition of the spectrum into a combination
of individual metabolite spectra, after careful visual inspection of the acquired spectra with regard to good water suppression, outer-volume
signal contamination, SNR and linewidth.

In *H MRS, MMs should be included as components in the analysis model and should be based on an in vivo acquired MM spectrum with care-
ful inspection and elimination of metabolite residuals.
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