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Longitudinal Metabolic Changes in Premature
Newborns

ELIZABETH PHILLIPS

Abstract

Purpose: This study aims to investigate metabolic patterns in the brain during early
neurodevelopment.

Methods: Spectroscopic data from 35 high-quality single-voxel spectroscopy scans
performed on a total of 27 participants was processed and analyzed. These scans were
performed as part of a study to investigate effects of preterm birth on neurodevelopment
at UCSF.

Results: An increase in the N-Acetyl Aspartate/Creatine ratio and a decrease in
both Choline/Creatine and myo-Inositol/Creatine with increasing age were found to
be statistically significant.

Conclusions: The decrease in myo-Inositol was consistent with previous findings of a
decrease in myo-Inositol concentration from birth to 5 years of age. This decrease may
be due to myelin maturation and a reduction in cell turnover, but further investigation

is needed to evaluate this hypothesis.
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1 Background

The human brain undergoes rapid growth and development beginning in the third trimester
of pregnancy and throughout childhood[l]. During this period, the brain is especially vul-
nerable to injury. Preterm birth is the most common cause of infant death and is the leading
cause of long-term disability related to the nervous system in children. In 2012, preterm
birth affected more than 1 of every 9 infants born in the United States|2]. Globally, an
estimated 15 million babies are born prematurely every year, of whom almost 1 million will
die due to complications|3]. Extreme prematurity of 22 to 25 weeks post-menstrual age
(PMA) is associated with an overall mortality rate of >50%. High rates (17-59%) of severe

neurodevelopmental disabilities occur among survivors[4].

1.1 Thalamus

The thalamus is a deep gray matter structure that consists of axonal fibers projecting to the
entire cerebral cortex. [5] Signals relayed through the thalamus are transmitted throughout
the brain and to the brainstem and spinal cord|[6]. One of the major subcortical structures,
the thalamus provides anatomical support for sensorimotor and higher-level cognitive func-
tions[5]. Critical to integration of neural connections, the thalamus is thought to undergo
metabolic maturation and dendritic arborization earlier than cerebral cortical regions[7][8].

In previous studies, it has been demonstrated that injury to the basal ganglia/thalamus
regions was associated with the most impaired motor and cognitive outcome at 30 months

when compared to a watershed pattern of injury involving mostly white matter[9).

1.2 Spectroscopic Imaging

'H MR spectroscopy can provide valuable insight into the normal development of the peri-
neonatal brain[10][11]. Quantitative information about the concentrations of brain metabo-

lites can inform clinical assessment of prognosis by providing specific information about



type(s) and location(s) of tissue damage. In cases of preterm birth, detailed information
about the metabolic concentrations and changes that occur over the course of development
may provide greater insight into the physiological causes of disability associated with preterm
birth, and may allow for more accurate prognosis of survival and risk of developmental dis-

ability.

1.3 Metabolites

1.3.1 myo-Inositol

The spectroscopic signal at 3.62 ppm is specific for cis-1,2,3,5-trans-4,6-cyclohexanehexol,
also known as myo-Inositol (ml), without inclusion of other inositol stereoisomers or deriva-
tives|12]. The most prominent stereoisomer of inositol, ml is one of the most abundant
metabolites in the human brain. Found primarily in astrocytes, ml is considered a marker
of immature myelination and glial cell proliferation[§][6]. ml is involved in hormone re-
sponse pathways and protein-kinase C activation, it is a key precursor of the membrane
phospholipid phosphatidyl inositol [13][14], and it is involved in the formation of myelin
sheet structures[15]. mI can also function as an osmolyte; during periods of osmotic stress,
osmotic balance is preserved via ml transport across the plasma membrane[16][14]. The con-
centration of ml, like choline (Cho), is expected to change in response to altered membrane
metabolism or damage to cell membranes|13].

ml levels in the brain are elevated during the neonatal period, and have also been shown
to be elevated in a variety of brain disorders (e.g. autism spectrum disorder, attention deficit
hyperactivity disorder, [5] and hypoxia [15]). Conversely, a significant correlation between
low language scores on 2-year-old BSID-III and decreased levels of ml on 1-year-old brain

spectroscopy has previously been demonstrated|17].



1.3.2 N-Acetyl-L-Aspartate

The most prominent peak of the 'H spectrum in the brain is the signal from the three
equivalent protons on the acetyl group of N-Acetyl-L-Aspartate (NAA), which resonate at 2.0
ppm|[13]. Because NAA is synthesized in neurons and diffuses along axons, it is interpreted as
a marker of density of mature neurons and axons in the developing brain[13|[8]. In neurons,
NAA is synthesized within mitochondria|l8|, then combined with L-glutamate to form N-
acetylaspartylglutamate (NAAG), which is then hydrolyzed back to NAA and L-glutamate
by astrocytes. NAA is further hydrolyzed in oligodendrocytes to L-aspartate and acetate.
This metabolic compartmentalization, wherein anabolic products of neurons are specifically
targeted to oligodendrocytes and astrocytes, suggests that these substances may play an

important role in cell-specific glial signaling [19].

1.3.3 Choline

The next prominent peak of the 'H spectrum in the brain is the complex Choline (Cho) peak
at 3.2 ppm, which consists of signal from several choline-containing compounds, most no-
tably phosphocholine (PC) and glycerophosphocholine (GPC)[18][13]. Choline is present in
phosphatidylcholine and sphingomylein, phospholipids that are abundant in cell membranes,
including myelin. Therefore, the Cho peak is considered a marker of cell proliferation and

signaling of cell membranes, including myelin sheaths[13].

1.3.4 Creatine

Next to the Cho peak, at 3.0 ppm, is the third prominent peak found in the 'H spectrum
in the brain: Creatine (Cre). This peak includes signal from phosphocreatine (PCr) and
free creatine (fCr) in approximately equal contributions. PCr and fCr participate in rapid
chemical exchange, replenishing ATP stores if needed, and therefore Cre concentration is

representative of metabolic activity in the brain[13].



2 Hypothesis

ml levels have been shown to be elevated in the neonatal brain compared with adult levels,
and a decrease in ml concentration over the course of early infancy has been demonstrated
[8][13][18]. It is important to establish a normal pattern of changes in ml concentration
across preterm brain development. The aim of this study is to assess changes in myo-Inositol

concentration in the thalamus in relation to neonatal maturation in preterm newborns.

3 Methods

3.1 Patient Selection

Patients were enrolled through the Prematurely born neonate MRI (PreMRI) study, which
has been ongoing at UCSF since 1998 [20]. Short-TE Single Voxel Spectroscopy (SVS) from
71 scans from a total of 48 patients was available starting in July 2012. Data from 35
scans performed on 27 patients were used in analysis; most of the excluded spectra were
of insufficient quality due to either poor shimming or reduced quality as a result of patient
motion. Coil sensitivity maps and spectral data were analyzed using LC Model[21], which
performs automatic quantification, and peak width (full-width at half maximum) and signal-

to-noise ratio (SNR) were recorded.

3.2 Image Acquisition

This study was approved by the Institutional Review Board, and informed parental consents
were obtained for all infants enrolled.

The first MRI scans were performed as soon as the newborns were clinically stable for
safe transport to the MRI scanner. In 19 of these patients, a second MRI scan was performed

just before discharge or transfer from the hospital. All studies were performed on a 3-Tesla



General Electric Discovery MR750 system (GE Medical Systems, Waukesha, WI, USA)
using an 8-channel head coil (GE 8HRBrain) at UCSF Mission Bay Medical Center. A
neonatologist in the MR suite monitored the newborns during the scans.

The MR sequence performed for single-voxel spectroscopy (Point REsolved SpectroScopy,
or PRESS) used echo times (TE) of 30 and 35 ms and repetition time (TR) of 1500 ms. The
spectral width was 5000 kHz centered on water. A standard PRESS pulse sequence timing

diagram is shown in Figure [1}
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Figure 1: PRESS Timing Diagram

Short echo times were used in order to obtain greater signal from ml, which is not
distinguishable at longer echo times due to inadequate SNR, as demonstrated in Figure 2]
which was created with the SIVIC Software framework|[22]. Use of a shorter echo time reduces
T, signal loss due to spin dephasing. Certain metabolites like mI and glutamine+glutamate
(Glx) have short T2 relaxation times (ml 75 = 196ms)[23| due to strong J-coupling, which
effectively decreases signal over the time evolution of the spin system. Echo times of 30-35

ms have been chosen to give both a coherent phase and high SNR.
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Figure 2: Comparison of Raw Spectra at TE = 35ms (black) and TE = 288 (green)

The voxel for the SVS acquisition was placed according to protocol, in a position intended
to include as much of the thalamus, and as little extra-thalamic tissue, as possible. Typical
voxel placement is demonstrated in Figure [3] in the a. axial, b. coronal, and c. sagittal

planes.

Figure 3: Placement of Voxel for SVS



3.3 LC Model

Quantification of brain metabolite concentrations was obtained through the use of the
LCModel data analysis package (Stephen Provencher Inc., Oakville, Ontario, Canada, LCModel
Version 6.3-0B). The LCModel method analyzes an in vivo spectrum as a Linear Combination
of model spectra of metabolite solutions in vitro. By using complete model spectra, rather
than individual resonances, maximum information and uniqueness are incorporated into the
analysis. A constrained regularization method accounts for differences in phase, baseline,
and lineshapes between the in vitro and in vivo spectra, and estimates the metabolite con-
centrations and their uncertainties[21].

A major issue with the quantification of in vivo spectra has been parameterized models
for peak distortion and for the baseline, which are too complicated to specify a priori.
Empirical models with too few parameters have the potential to introduce bias, while too
many parameters can produce artifacts and instabilities in the analysis. Both situations
cause errors in the estimates. To avoid this, LCModel uses a nearly model-free constrained
regularization method (developed by Steven Provencher in 1982), which attempts to choose
the best compromise between these two situations by finding the smoothest lineshape and
baseline that are consistent with the data[21].

One advantage of using LCModel is that because phasing, referencing, and quantification
are done automatically, the results are user-independent, thus improving objectivity and
thereby improving comparisons of different sets of results within and between laboratories.

An example of the output from LCModel fitting is given in Figure 4] [21].



Data of: Magnetic Resonance Science Center, UCSF
LCModei (Version 6.3-08) Copyright: S.W. Provencher. Reil.: Magn. Reson. Med. 30:672-679 (1593).
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Figure 4: Example of LC Model Output

The black line is the frequency spectrum of the raw data, and the red line is the automated
fit, processed from an appropriately defined ”basis set” of simulated data. Labels for the
peaks corresponding to the metabolites Creatine (Cre), the Glutamine+Glutamate complex
(Glx), Myo-Inositol (ml), Choline, and N-Acetyl Aspartate (NAA) have been added for
clarity. MM stands for macromolecules. MMO09 represents signal from C'Hjz groups on
macromolecules with a chemical shift value of 0.9 ppm. Similarly, MM14 is the concentration
of the C'"Hy macromolecule peak near 1.4 ppm, which may also contain lipid contributions.

In order to add SVS data from 19 scans available for analysis that were acquired using a
TE of 30ms, a new simulated expected spectrum (”basis set”) was created to simulate peaks
at TE=30ms. Because a TE-specific basis set was used, quantification of this spectroscopic

data is thought to be comparable to the TE=35ms data.



3.4 Data Quality

The LC Model processing package contains a built-in data quality check. Cramér-Rao lower
bounds, expressed as a percentage of the estimated concentrations, are provided as an esti-
mate of the fitting error or statistical uncertainty. These are calculated using the residual
error and the Fisher matrix of the partial derivatives of the concentrations|24]. As recom-
mended in the LCModel Manual|25], only results with < 15% SD were included for statistical
analysis. This eliminated 20 of 71 available scans from the data set. The signal-to-noise ra-
tios (SNR) of the data included in analysis ranged from 11 to 66, and the mean SNR was
26.40 4+ 9.22. Three data sets had a peak width measured at the full width half maximum
(FWHM) greater than 0.1 ppm, and were therefore excluded from analysis. The resulting

data set had an average peak width of 0.052 4+ 0.016 ppm.

3.5 Statistical Analysis

For analysis, the ratio of ml to Cre was taken within each scan. This is because creatine con-
centration is reflective of metabolism, and has been demonstrated to be fairly constant[26].
Comparing the ratios, rather than the absolute concentrations, provides an internal normal-
ization, which reduces intra-scan differences|27]. These concentration ratios were assessed in
all patients (n=27) using mixed-effect linear models. Use of the mixed-effect model allowed
us to address both inter-subject effects and intra-subject changes between serial MR ex-
aminations, by permitting multiple measurements per subject, thereby increasing statistical

power.



4 Results

4.1 Changes with Age

NAA/Cho results for all cases without cerebellar hemorrhage (CbH) are shown in Figure [f
Using the calculated t-value of 3.9081 and 14 degrees of freedom, the two-tailed p-value is
0.0016, which is considered to be very statistically significant[28]. This is consistent with

previously published data]29][13][30][18][8].

NAA/Cho in in Preterm Infants without CbH

18l 370
363
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Figure 5: NAA/Cho Changes with Age in Premature Newborns without CbH

Cho/Cre results for all cases without CbH are shown in Figure |§| Using the calculated
t-value of -2.2186 and 14 degrees of freedom, the two-tailed p-value is 0.0436, which is
considered to be statistically significant|28]. This is consistent with previously published

data[13][18][§].
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Figure 6: Cho/Cre Changes with Age in Premature Newborns without CbH

ml/Cre results for all cases without cerebellar hemorrhage (CbH) are shown in Figure |f|
Using the calculated t-value of -2.4965 and 14 degrees of freedom, the two-tailed p-value is

0.0256, which is considered to be statistically significant.

Thalamic ml/Cre in Preterm Infants without CbH
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Figure 7: mI/Cre Changes with Age in Premature Newborns without CbH
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5 Discussion

5.1 Implications

The changes in metabolism in the human brain during gestational age of 29-40 weeks reflect
the fact that this is a critical period of rapid growth and development, when molecular and
cellular processes are rapidly changing. These changes are a crucial aspect of developmental
processes during early life, but they may also cause the perinatal brain to be more vulnerable
to damage and the adverse symptoms of injury. The increase of NAA/Cre with age over
the pre-term period is consistent with previously published data [18][30], and likely reflects
increasing neuronal and axonal density and increasing neuronal activity[13][8]. This increase
in density is likely indicative of the first stages of myelination and axonal elongation, which
are key elements of early brain development. The decrease of Cho/Cre is also consistent
with previously published findings [18], and may reflect a decrease in cell turnover. As
Cho is abundant during cell membrane and de novo myelin synthesis[8], a decrease in total
Cho concentration may signal the slowing of apoptosis and cell turnover, as developing
oligodendrocytes and Schwann cells begin to stabilize.

In this study, a baseline pattern of ml concentration changes over the course of normal
preterm development has been established. The decrease in ml is consistent with previous
findings of a decrease in ml concentration from birth to 3 months of age [18]. This decrease
may be due to a reduction in cell turnover, as a reduction in apoptosis associated with cell
turnover would reduce the overall concentration of mI due to a decrease in ml concentration in
the extracellular compartment. Additionally, this decrease could be interpreted as a signal of
early myelin maturation, as mlI is thought to be a marker of immature myelination[§|. Further

investigation both in vivo and in vitro could help confirm or refute these explanations.

12



5.2 Limitations

There are several challenges in acquisition of MRI data in such small patients. First, even
under sedation, infants tend to move over the duration of their MR exams. This can cause
visually apparent motion artifacts in anatomical imaging, but more subtle artifacts can also
occur in spectroscopy. The data-quality thresholding used in this study is an effort to reduce
the effect of such artifacts, but there may be residual errors in the included data, such as
slightly increased linewidths, overall frequency shifts, and possibly reduced peak areas due
to phase cancellation|31]. Second, the size of the region of interest (ROI) is pre-determined,
in order to give consistent SNR and to allow for direct comparison of results. However,
some of the youngest patients enrolled in this study had such small thalami when they were
scanned that there could have been appreciable partial volume effects, wherein some signal
from the surrounding structures, such as the basal ganglia or the ventricles, was included
in the spectrum. If a partial volume of CSF was included, for example, a peak at 1.3 ppm
corresponding to lactate appeared in the spectrum, which would not be expected in normal
thalamic tissue[15][|32]. This occurred in many of the scans included for analysis, but it was
accounted for in processing, and had no effect on the other metabolites measured.

Of the 22 subjects who have reached a corrected gestational age of 1 year, cognitive,
language and motor scoring has been obtained for 12 of them. Of these, only 6 of their
short-TE spectroscopic data was of sufficient quality to be included in analysis, and so this
sample size is too small to perform a meaningful group analysis. However, we expect to

eliminate this statistical limitation with time, as data collection is ongoing.

6 Future Work

In order to gain a more detailed understanding of metabolic changes across development,
three-dimensional Magnetic Resonance Spectroscopic Imaging (MRSI) will be needed, so

that metabolite concentrations can be more accurately localized to various brain regions and

13



tissue types. As the study progresses, additional participants will be enrolled and tested,
increasing the availability of neurological follow-up information. Therefore, we expect an
in-depth analysis of metabolic changes with regard to cognitive, language, and motor scores

to become possible in the future.
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A Appendix A: Extra Figures

NAA/Cho results for all cases (with and without CbH) are shown in Figure [8, Using the
calculated t-value of 4.8838 and 31 degrees of freedom, the two-tailed p-value is less than
0.0001, which is considered to be extremely statistically signiﬁcant. This is consistent

with previously published data[30] [13].

NAA/Cho in All Preterm Infants
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Figure 8: NAA/Cho Changes with Age in All Premature Newborns

Cho/Cr results for all cases (with and without CbH) are shown in Figure [J} Using the
calculated t-value of -1.5927 and 31 degrees of freedom, the two-tailed p-value is 0.1214,
which is considered to be not statistically significant. However, the general trend of
decreasing Cho/Cre is consistent with previously published data.
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Thalamic Cho/Cre in All Preterm Infants
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Figure 9: Cho/Cre Changes with Age in All Premature Newborns

ml/Cre results for all cases (with and without CbH) are shown in Figure Using the
calculated t-value of -2.0618 and 31 degrees of freedom, the two-tailed p-value is 0.0477,

which is considered to be statistically significant.
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Figure 10: mI/Cre Changes with Age in All Premature Newborns
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