Eur Radiol (2004) 14:1895-1900
DOI 10.1007/s00330-004-2388-z

NEURO

Paul E. Sijens

Matthijs Oudkerk
Dirk-Jan Reijngoud
Klaas L. Leenders
Harold W. de Valk
Francjan J. van Spronsen

Received: 2 March 2004
Revised: 17 May 2004
Accepted: 20 May 2004
Published online: 3 August 2004
© Springer-Verlag 2004

P. E. Sijens () - M. Oudkerk
Department of Radiology,

University Hospital Groningen,
Hanzeplein 1, P.O. Box 30001,

9700 RB Groningen, The Netherlands
e-mail: p.e.sijens@rad.azg.nl

Tel.: +31-50-3613534

Fax: +31-50-3611798

D.-J. Reijngoud - F. J. van Spronsen
Department of Pediatrics,
University Hospital Groningen,
Groningen, The Netherlands

K. L. Leenders

Department of Neurology,
University Hospital Groningen,
Groningen, The Netherlands

H. W. de Valk

Department of Internal Medicine,
University Medical Centre of Utrecht,
Utrecht, The Netherlands

1H MR chemical shift imaging detection
of phenylalanine in patients suffering
from phenylketonuria (PKU)

Abstract Short echo time single
voxel methods were used in previous
MR spectroscopy studies of phenyl-
alanine (Phe) levels in phenylketon-
uria (PKU) patients. In this study,
apparent 7 , relaxation time of the
7.3-ppm Phe multiplet signal in the
brain of PKU patients was assessed
in order to establish which echo time
would be optimal. 'H chemical shift
imaging (CSI) examinations of a
transverse plain above the ventricles
of the brain were performed in 10
PKU patients and 11 persons not suf-
fering from PKU at 1.5 T, using four
echo times (TE 20, 40, 135 and

270 ms). Phe was detectable only
when the signals from all CSI voxels
were summarized. In patients suffer-
ing from PKU the T , relaxation
times of choline, creatine and N-ace-
tyl aspartate (NAA) were similar to
those previously reported for healthy
volunteers (between 200 and

325 ms). The T, of Phe in brain
tissue was 215+120 ms (standard
deviation). In the PKU patients the
brain tissue Phe concentrations
were 141+69 uM as opposed to
58+23 uM in the persons not suffer-
ing from PKU. In the detection of
Phe, MR spectroscopy performed at
TE 135 or 270 ms is not inferior to
that performed at TE 20 or 40 ms
(all previous studies). Best results
were obtained at TE=135 ms, relat-
ing to the fact that at that particular
TE, the visibility of a compound
with a 7, of 215 ms still is good,
while interfering signals from short-
TE compounds are negligible.
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Introduction

Phenylketonuria (PKU) is the most common inborn error
of aminoacid metabolism, with a frequency of 1:4,000 in
Europe, and always has been a model for the understand-
ing and treatment of inborn errors of metabolism. PKU
results form a deficiency of the hepatic enzyme phenyl-
alanine hydroxylase (PAH), which converts phenylala-
nine (Phe) into tyrosine (Tyr). When deficient, the result-
ing high Phe concentrations are associated with severe
intellectual handicap. This phenotype is prevented by
neonatal screening and maintaining almost normal Phe
concentrations in the blood. Treatment is by severe (up

to 90%) dietary restriction of natural protein supplement-
ed with a Tyr-enriched aminoacid mixture without Phe.
Treatment is monitored by measurement of Phe in the
blood. Notwithstanding its effectiveness, the diet is bur-
densome. Other treatment options could improve the
quality of life, while approximately one out of six un-
treated patients may escape severe mental retardation
[1]. In the current literature, there is no consensus about
the question whether or not the level of Phe in the brain
that is crucial because it determines the neurotoxicity of
Phe is reflected by its level in the blood. This has trig-
gered several groups to start applying MR spectroscopy
for attempting to quantify the level of Phe in brain tissue.
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The longitudinal and transverse relaxation times (7s,
T,s) of the signals of choline (Cho), creatine (Cr) and N-
acetyl aspartate (NAA) in normal human brain tissues
have been documented by numerous groups [2-9]. The
concentration of Phe in normal brain tissue is more than
one order of magnitude lower than those of Cho, Cr and
NAA and according to one study [10] similar to its level
in blood, i.e., 50-90 uM. The poor sensitivity of MR
spectroscopy to low-concentration metabolites probably
explains why the relaxation behavior of Phe in brain tis-
sue has not yet been documented. In patients suffering
from PKU, brain tissue Phe levels in the order of
250-600 uM have been observed, however [10-12].
PKU patients have blood Phe levels that are roughly
three times as high as those in brain tissue [10—14] and
cerebrospinal fluid [15].

In previous MR spectroscopy studies focusing on the
detection of Phe in the brain tissue of PKU patients, Phe
was measured with the shortest TE available (20—40 ms),
apparently to cope with the possibility that the T, of Phe
might be very short. Under those conditions, Phe could
be observed by most investigators [10—14], though not
by all [16], provided that the selected volume of interest
was large. Optimization of the detection of Phe in the
brain of PKU patients was the purpose of this study. Au-
tomated chemical shift imaging (CSI) of a transverse
plane above the ventricles is used (1) to compare the
spectra of separate voxels to those of the whole plane
combined, (2) to calculate the 7, of Phe from the results
of CSIs made at TEs of 20, 40, 135 and 270 ms and (3)
to assess at what TE Phe is visualized best.

Materials and methods

MR spectroscopy examinations of 10n PKU patients (4 male, 6 fe-
male) and 11 persons not suffering from PKU (6 male, 5 female)
were performed at 1.5 T using the standard head coil of a Siemens
Magnetom Vision MR scanner (Siemens AG, Erlangen, Ger-
many). Mean age of PKU patients was 27+8 (SD) years. The other
persons examined by MRS consisted of two apparently healthy
people and nine ones suffering from diseases known not to cause
elevation of Phe levels and had a mean age of 16+7 years. In-
formed consent was obtained after the nature of the procedures
had been fully explained. Blood Phe concentrations of PKU pa-
tients at the time of MR spectroscopy varied between 358 and
1,362 uM (mean 718, SD 310).

1H chemical shift imaging

Four automated hybrid point resolved spectroscopy
(PRESS) 2D-CSI measurements with a repetition time
(TR) of 1,500 ms and echo times of 20 ms (STEAM,
stimulated echo acquisition mode) and of 40, 135 and
270 ms (SE, spin echo) were performed. Hybrid-CSI in-
cludes pre-selection of a volume of interest (VOI) that is
located within the brain to prevent the strong interfer-

ence from subcutaneous fat and is smaller than the
phase-encode field of view (FOV) that must be large
enough to prevent wraparound artifacts [17]. The CSI se-
quence produced a 16x16 transversely oriented matrix
that was defined by phase encoding with a FOV of
16x16 cm?2. The VOI was positioned in a plane above the
ventricles, resulting in maps of 8x8 spectra (VOI
8x8x2 cm?) selected with respective field gradients of
0.8, 0.8 and 3.0 mT/m. The field homogeneity achieved
in automated non-localized multiple angle projection
(MAP) shimming resulted in water peak linewidths of
typically less than 8 Hz in the VOI. Spectral maps were
collected with 2.56 ms sinc-Hanning shaped RF pulses
preceded by 25.6 ms Gaussian shaped RF pulses for
chemical shift selective excitation (CHESS) and subse-
quent spoiling of the resultant water signal. The second
spin echo was collected using 1,024 data points and a
spectral width of 500 Hz. All 16x16 2D-CSI measure-
ments were one acquisition per phase-encoded step with
four prescans and TRs of 1,500 ms (acquisition time
6.5 min). Time domain data were multiplied with a
Gaussian function (center O ms, half width 256 ms), 2D-
Fourier transformed, phase and baseline corrected and
quantified by means of frequency domain curve fitting
with the assumption of Gaussian line shapes, using the
standard “Numaris-3” software package provided with
the MR system. In the curve fitting the number of peaks
fitted included the chemical shift ranges restricted to
7.2-7.4 ppm for Phe, 3.1-3.3 for Cho, 2.9-3.1 for Cr,
1.9-2.1 for NAA, and their line widths and peak intensi-
ties unrestricted. (Signal-to-noise considerations led us
to approximate the multiplet signal of Phe by fitting to a
single peak.) Although automated phase and baseline
correction provided good starting values, manual fine ad-
justment of the phase and of the peak ranges excluded in
polynomial baseline correction was needed in some cas-
es. We used an assumption made in previous quantitative
MRS studies of PKU (e.g., 12) that the Cr levels in pa-
tients and controls are 6.1 mM. Our additional assump-
tion that at the TR used (1,500 ms) differential peak sat-
uration due to a difference in 7' | value between Phe and
Cr is negligible was based on results obtained in CSI
measurements repeated at TR 5,000 ms. The use of Cr as
internal reference is reasonable in view of the fact that
nobody has reported any difference between the brain
tissue Cr levels in PKU patients and controls. Apparent
T,s for the metabolites in brain tissue in PKU patients
and controls were assessed from fitting of the metabolite
areas obtained at TEs 20, 40, 135 and 270 ms to the
equation: My = Moexp[—TE/T>], with correction for the
fact that STEAM signals are 50% reduced relative to SE
signals [18]. In this formula the above areas correspond
to the My values at =20, 40, 135 and 270 ms, respective-

ly.



1897

Results

The spectral maps and the sums of the Cho, Cr and NAA
signals of the quantified inner 6x6=36 CSI voxels (total
volume 72 cm3) for one of the PKU patients measured at
TEs 20, 40, 135 and 270 ms are shown in Fig. 1. The
smaller portions of the spectrum shown at the shorter
TEs (1.5-3.6 ppm rather than 0.5-4.3 ppm) reflect re-
strictions in the baseline ranges used for optimal baseline
correction. The peak intensity scales for each spectrum
are arbitrary, i.e., neither related to absolute concentra-
tions nor suited for direct quantitative comparisons of
measurements performed at different TEs.

It shows that with increasing TE the signals of Cho
and especially Cr drop relatively to NAA. This reflects
the order of the 7, values that we observed in the PKU
patients (Cr<Cho<NAA), similar to that in published
control values (Table 1). At any TE the signal of Phe was
close to the noise level, even in PKU patients (Fig. 2).
The signal-to noise ratio in the 7.3-ppm Phe multiplet
signal varied between 3 and 5, without a significant dif-
ference amongst the four TEs used. At TE=135 ms Phe
was generally observed more clearly than at TE 270 ms
or at the shorter TEs (20-40 ms). In analogy to the prac-
tice in previous MRS studies of PKU patients of measur-
ing very large voxels in order to get sufficient signal per
unit of measuring time, in our study the Phe signals from
the individual voxels (2 cm? each) of our CSI maps had
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Fig. 1 a Spectral maps and b corresponding summarized spec-
trum in supraventricular VOI of PKU patient showing the reso-
nances of Cho, Cr and NAA measured at TR=1,500 ms and TEs of
20 ms (upper left), 40 ms (upper right), 135 ms (lower left) and

Table 1 Brain tissue metabolite T, relaxation times in PKU pa-
tients assessed from peak areas at TEs 20, 40, 135 and 270 ms
(means + SD) and published control values (ranges)

T, (ms) Cho Cr NAA Phe
PKU patients 25692 20148 327+66  215+120
(n=10)

Published values

Healthy volunteers 270-395 195-267 320-375 -

[2-9]

Table 2 Phe concentrations in UM in PKU patients (means + SD)
relative to published values (ranges)

PKU patients Volunteer
(non-PKU)
Blood Brain Blood/brain  Brain tissue
tissue ratios
This study 718310 14169 5.3+2.4 58+23
Previous 1,000-2,000 250-600 2.9-6.2 50-90
studies
[10-13]

to be summarized. Spectral map display of the array of
individual Phe signals is therefore not meaningful.

As a group, apparent brain concentrations of Phe in
PKU patients, shown in Table 2, were not correlated to

270 ms (lower right). The frequency ranges vary per sequence
with the applied baseline correction limits. Peak intensities, arbi-
trary units. Acquisition time: 6:31 min
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Fig. 2 A different frequency range of the spectra of Fig. 1 show-
ing, among the noise, the main resonance of Phe (7.3 ppm). Mea-
sured at TR=1,500 ms and TEs of 20 ms (upper left), 40 ms
(upper right), 135 ms (lower left) and 270 ms (lower right)

the corresponding concentrations in blood sampled on
the day of MRS (r=0.16 in PKU patients, NS).

Discussion

The purpose of this study was optimization of the detec-
tion of Phe in the brain of PKU patients. Unlike in all
previous studies, a multiple voxel method, CSI, was used
here, and measurements were repeated at four different

TEs. The spectral maps of Fig. 1a demonstrate that B,
homogeneity of the magnetic field was excellent. This is
evident from the resolution between the Cho and Cr
peaks throughout the 8x8x2 ¢m3 VOI. Furthermore, the
B, field was highly homogeneous as proven by the even
distributions of peak heights throughout the VOI, indi-
cating that the PRESS 90° pulses were effectively the
same within the VOI. The good B, field allowed us to
summarize the signals, a standard Vision ‘“Numaris-3”
option, of all CSI voxels without experiencing signifi-
cant loss of spectral resolution (Fig. 1b). This validated
our approach to summarize the spectra of all voxels prior
to starting our Phe 7), calculations (Fig. 2). In a single
voxel of a CSI map the Phe signal was so weak that we
had no alternative for summing the signals of all voxels.
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We conclude that for the detection of Phe multivoxel CSI
offers no benefits compared with the large single voxel
methods applied in previous studies [2-9].

Curious is the presence of a strong resonance at a posi-
tion of 8.5 ppm, in Fig. 2 most prominent at TEs of 20 ms
and 40 ms. This could be signal contributed by the aro-
matic protons of other molecules known to accumulate in
PKU patients such as phenylpyruvate or phenylacetate.

Fitting the summarized Phe signals obtained at the
four TE values to the above-mentioned equation yielded
a median Phe 7, value of 215 ms in our PKU patients.
This value is similar to the transverse relaxation times of
Cho, Cr and NAA in our PKU patients, as well as to the
values published for normal brain (Table 1). We have
thus shown that the apparent 7, of Phe in brain tissue is
such that short-TE examinations as applied in all previ-
ous MRS studies are not necessary for the detection of
Phe. Our impression that visibility of Phe was best at
TE=135 ms probably relates to the fact that at that par-
ticular TE the visib-ility of a compound with a T, of
215 ms still is good,

M, = Moexp [—t/T>] = Mpexp[—135/224] = 0.55,
while interfering signals from short-TE compounds are

Mean blood brain ratio for Phe obtained in this study
is comparatively high compared with the ratios report-
ed in previous studies of PKU patients. This can be at-
tributed to several factors, including (1) coincidence, in
view of the weak correlation between blood and brain
Phe levels reported here and in most previous MRS
studies [10, 12, 13], (2) the poor signal-to-noise ratio of
the Phe peak in all previous studies as well as in this
study and (3) the use of shorter TE only in previous
studies potentially leading to overestimation of the Phe
peak because of the inclusion of signals from broad
components with short 7,s (a problem reduced by most
authors by subtracting the signals encountered in con-
trol spectra). Subpopulations of PKU patients with
highly individual (normal and abnormal) blood to brain
ratios for Phe as reported by others [10, 13, 14, 19, 20]
could not be discriminated in this study, probably be-
cause in our case treatment of patients never resulted in
very high blood Phe levels. This is noted here because,
currently, the blood to brain ratio of Phe is an issue of
intense discussion [14, 21-23].
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