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ABSTRACT. ' H  nuclear magnetic resonance (NMR) was 
used to detect directly the signal from the aromatic protons 
of phenylaline (phe) in the brains of rabbits made hyper- 
phenylalaninemic by administration of a diet high in phe 
and containing 0.4% a-methylphenylalanine. In addition to 
those resonances found in the region between 6.5 and 8.5 
ppm in the ' H  N M R  spectra of control rabbits, a resonance 
centered a t  7.37 ppm was observed in the spectra obtained 
from the brains of hyperphenylalaninemic rabbits in vivo 
or in situ postmortem. The chemical shift of this additional 
resonance was that expected for protons of the phenyl ring 
of phe. Its intensity correlated well with measurements of 
brain phe levels made on postmortem samples by amino 
acid analyzer. Both of these measurements correlated 
poorly with amino acid analyzer measurements of serum 
phe, especially a t  high values of the latter. High-resolution 
' H  N M R  spectra of the brain extracts showed that in most 
animals an unidentified aromatic compound, possibly y- 
glutamyl-phe, was present in addition to phe. This study 
demonstrates the feasibility of measuring the concentration 
of brain phenyl and its metabolites noninvasively by 'H 
NMR. The method can be used for similar measurements 
in human brain. (Pediatr Res 27: 566-570, 1990) 

Abbreviations 

hyper-phe, hyperphenylalaninemia 
NMR, nuclear magnetic resonance 
phe, phenylalanine 
[phe],,,, phenylalanine concentration determined by amino 

acid analyzer 
phenyl, phenylalanine plus other small molecules with 

phenyl protons 
PKU, phenylketonuria 
Cr, creatine + phosphocreatine. 

Diseases resulting in hyper-phe are among the most common 
inborn errors of metabolism (1 in 14 000 newborns in the United 
States) (1). The best known, PKU, results from a mutation in 
the long arm of chromosome 12 causing a defect in the hepatic 
enzyme phe-4-monooxygenase, which converts phe to tyrosine 
and is required for the hepatic catabolism of phe (2). In the 
absence of this enzyme, the serum level of phe rises from the 
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normal value of -0.1 mM to as high as 5 mM. The consequences 
of elevated serum phe for the developing brain of the newborn 
and fetus are catastrophic, resulting in severe mental retardation 
unless steps are taken to reduce serum phe to the normal range 
as soon as possible. This is achieved by placing PKU patients on 
a diet that contains only sufficient phe to meet dietary require- 
ments. Dietary compliance is generally monitored by measuring 
phe in patients' serum by amino acid analyzer (serum [phe],,,). 
In the first two decades that this disorder has been recognized 
and treated, most PKU patients returned to a normal diet in 
adolescence. Several recent reports indicate that, in some cases, 
return to a normal diet leads to both short- and long-term 
neuropsychologic deficits (3,4). It has proved difficult to predict 
on the basis of serum [phe],,, which patients might be most at 
risk when they come off the low-phe diet. Because phe crosses 
the blood-brain barrier slowly, measurements of phe levels di- 
rectly in the brain might provide additional insight into this 
problem, but no method for making such measurements has 
been available. 

In vivo NMR has been used to measure brain metabolites 
noninvasively in animals (5) and man (6). Gadian et al. (7) used 
'H NMR spectroscopy in vivo to measure brain histidine in 
histidinemic mice, and suggested that similar methods might 
allow observation of elevated brain phe. In our study, we show 
that the total concentration of phe and another yet unidentified 
phenyl-containing compound-possibly T-glutamyl phe-can be 
measured in the brains of hyper-phe rabbits in vivo by 'H NMR. 
This quantity, which we designate "[phenyl]," appears to be a 
measure of the same compounds detected in postmortem brain 
samples by amino acid analyzer (brain [phe],,,). The in vivo 'H 
NMR methods can be adapted for use in humans. 

MATERIALS AND METHODS 

Hyper-phe was induced in female New Zealand White rabbits 
by feeding them a diet containing 5% phe and 0.4% a-methyl 
phe, an inhibitor of phe-4-monooxygenase, for 7-2 1 d. In most 
animals, this dietary regimen caused a large elevation of serum 
[phe],,, (Table 1). On the day of the experiment, animals fasted 
for 5-8 h were anesthetized (4% isoflurane), tracheostomized, 
paralyzed (3 mg/kg tubocurare, 2 mg/kg pancuronium) and 
pump ventilated with 50% N02/50% 02 .  Four animals, includ- 
ing those with the highest serum [phe],,,, did not survive the 
surgery. Nonetheless, all animals were prepared for in situ deter- 
mination of brain [phenyl] by 'H NMR. The postmortem meas- 
urements are identified by the D prefix in Table 1, whereas those 
animals for which the brain [phenyl] was determined in vivo 
constitute the A series. Serum samples were taken at the end of 
each experiment. Five age-matched animals fed a normal diet 
were also prepared in this fashion. 

For NMR measurements, the animal was mounted in a holder, 
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the scalp was retracted, and a 16-mm diameter surface coil was 
placed -2 mm above the exposed skull, centered on the midline 
8 mm posterior to the bregma. 'H NMR spectra were obtained 
using a Bruker/Oxford Research Systems (Billerica, MA) Biospec 
I spectrometer equipped with a 4.7 Tesla horizontal magnet 
operating at 200.44 MHz for protons. 

A simple spin echo sequence (8-t,/2-28-t,/2-AQ) was used, 
with the 8 and 28 pulses being on-resonance-suppressed binomial 
l i  and 22 pulses (8), to achieve the required water suppression 
(t, refers to total echo time; AQ refers to acquisition time). The 
phases of the 28 pulse and the receiver were cycled using the 
EXORCYCLE scheme of Bodenhausen et al. (9). A value of 2 
ms was used for t,/2 in all experiments to minimize the signal 
loss due to the relatively short T2 (T2 = transverse relaxation 
time) of the phenyl ring aromatic protons (40 ms in rabbit brain 
at 4.7 Tesla; Novotny EJ, Ogino T, Petroff OA, Prichard JW, 
Shulman RG, unpublished data). Spectra were collected using a 
spectral width of 5 kHz, and 2048 points. A repetition time of 2 
s was used, and a sufficiently large signal-to-noise ratio was 
generally obtained with 256 averages. Convolution difference 
and Gaussian filtering were used before Fourier transformation 
to improve spectral resolution. All spectra were processed iden- 
tically. Because the calculation of [phenyl] relies on accurate 
determination of the ratio of the phenyl and total creatine 
intensities in the in situ 'H  spectra, we verified that this ratio was 
not altered by the resolution enhancement. To do this, we 
broadened the free induction decay of a single water resonance 
by exponential multiplication to the linewidth of Cr or phenyl 
observed in situ. These broadened free induction decays were 
then filtered using the same processing parameters used in the in 
situ spectra. The intensity (I) ratios of these two resonances were 
the same before and after resolution enhancement, showing that 
the Iphenyl/I~r ratio was not changed by this procedure. 

Intensities of in situ phenyl resonances were determined in 
two ways. The first consisted of subtracting an appropriately 
scaled normal spectrum from the hyper-phe spectrum to leave a 

Table 1. Eleven hyper-phe animals studied by ' H  NMR of brain 
in situ* 

Experiment 
no. 

Brain measurements 

Extracts 

Serum [phel,,, 

2.4 
0.3 
5.1 
0.2 
2.2 
3.6 
3.3 

'H X'r 
NMR (%) 

Normals 0.18 0.17 11 11 11 
SEM k0.05 k0.05 

* Seven animals were examined in vivo (A series) and four shortly 
after death (D series). Mean values for five normal animals appear at the 
bottom, and the percentage of compound X in the right column. 
I Determined by assuming that the two upfield peaks of X (see Fig. 

3) correspond to the same mol % of X as the two upfield peaks of the 
phe multiplet do for phe. 

$ Amino acid analyzer. 
§Concentration represents the sum of the brain phe and compound 

X concentrations. 
11 Below level of detection. 

1 N-acetyl aspartate 

-- 
amino lipids 
acids 

Fig. 1. Proton spectrum from living rabbit brain. 'H NMR spectrum 
of normal rabbit brain obtained in vivo at 4.7 Tesla (200.44 MHz). A 
semiselective spin echo sequence (IT-22 on-resonance suppressed) was 
used to suppress the water resonance at 4.73 ppm. The excitation 
maximum of the semiselective pulses was set at 7.37 ppm. The total echo 
time was 5 ms. The spectrum was the sum of 256 transients collected 
with a 5 kHz spectral width and 2048 data points. The spectrum was 
given a profile correction (Bruker DISNMR processing parameters: GB 
200, DC 2) to remove any underlying broad resonances, and Gaussian 
resolution enhancement (GB = 0.06; LB = -20). Note that there is a 
phase reversal about the canier frequency at 4.73 ppm, caused by the 
semiselective pulse. This causes the resonances downfield of water (>4.73 
ppm) to be inverted with respect to the upfield peaks. The downfield 
region of interest is plotted, expanded, and inverted (segment labeled 
"-4X"). 
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Fig. 2. Comparison of brain spectra from normal and hyper-phe 

rabbits. In vivo 'H NMR spectra of the downfield region from a control 
and a hyper-phe (experiment no A10). Note the additional peak at 7.37 
ppm from the aromatic protons of phenyl. Spectral acquisition and 
processing conditions were as for Figure 1. 

single peak at 7.37 ppm, whose area was then integrated with 
Bruker (Billerica, MA) DISNMR processing software and ex- 
pressed as a ratio to the integrated area of the total creatine 
resonance. The second way was to define the areas of the phenyl 
and total creatine resonances in plotted spectra from hyper-phe 
animals as the portion of the resonance above a straight line 
between the points of inflection on either side of peaks with 
maxima at 7.37 or 3.03 ppm. These areas were measured with a 
digitizing tablet and commercially available software (Sigma- 
Scan, Jandel, Corte Madera, CA). In both methods, the phenyl/ 
total creatine area ratios were corrected for differences between 
the two resonances in nutation angle arising from the binomial 
pulses, saturation effects, T2s, and number of protons per mole- 
cule. There was a significant difference between brain [phenyl] 
values calculated by the two methods, but because there was less 
scatter in repeated measurements with the second method, it was 
used for further analysis. The equation used to convert the 
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Fig. 3. Compound "X." In all but one animal, 500 MHz 'H NMR 
spectra of brain extracts from hyper-phe rabbits contained an unidenti- 
fied aromatic multiplet ( X )  centered upfield of 7.37 ppm. The top 
spectrum shows an extract from a brain that contains almost equal 
amounts of phe and X, whereas the middle spectrum shows an extract 
in which only phe is present. The bottom spectrum is the difference 
between the other two, showing the spectrum of X alone. Each spectrum 
consisted of the sum of 160 transients, and was given a Lorentzian to 
Gaussian conversion to improve spectral resolution (Bruker DISNMR 
parameters: GB 0.05, LB - 1). 

0 1 2 3 

[phelaaa (mM) 
Fig. 4. Comparison of in vivo and in vitro measurements. Plot of 

brain [phenyl] determined by 'H NMR in situ Cfilled circles) and in 
postmortem extracts (open circles), vs brain [phe],,,. The dotted line is 
the line of identity. Extract and in situ NMR values are linked by vertical 
bars. 

Fig. 5. Comparison of brain and serum measurements. Plot of brain 
[phenyl] determined in situ by 'H NMR vs serum [phe],,,. 

intensity of the resonance from the aromatic protons of phenyl 
(Iphenyl) to [phenyl] was derived from the expression for the ratio 
of the intensities of the phenyl and creatine resonances when the 
semiselective pulse is optimized for each in turn. Thus 

where Iphenyl and Ic, are the intensities of the optimized resonances 
of the aromatic protons of phenyl at 7.37 ppm and the methyl 
protons of total creatine at 3.03 ppm, nphenyl and nc, are the 
numbers of protons giving rise to each resonance, and SFphenyl 
and SFc, are the empirically determined saturation factors for 
each resonance under the pulsing conditions used. This expres- 
sion can be recast as 

Iphenyl 
[phenyl] = - CR exP (-t/Tz(cr)) SFC, X 

Icr n ~ h e n ~ l  exP (-te/T~(pheny~)) SFphenyl 

where Tz(cr) = 140 ms, T2(phenyl) = 38 ms, ncr = 3, and nphenyl = 
5.  The T I  (longitudinal relaxation time) of the creatine resonance 
measured in vivo by inversion recovery at 4.7 Tesla was 1.5 ms 
(Novotny EJ, Ogino T, Petroff OA, Prichard JW, Shulman RG, 
unpublished data) and the saturation factors for the creatine and 
phenyl resonances determined by obtaining fully relaxed spectra 
(repetition time 10 s) were, respectively, 1.17 and 1.16. Cr was 
assumed to represent a concentration of 9 mM (12). 

Once in situ phenyl measurements were complete, the seven 
living animals were killed by KC1 injection; the phenyl resonance 
present in five of them did not change. Brains were removed 
from all animals and frozen for subsequent extraction of small 
metabolites. Extracts for chromatographic amino acid analysis 
were prepared using the method of Bachmann and Colombo 
(10); extracts for 'H NMR were prepared according to the 
method of Behar et al. (1 I). Brain [phe],,, was determined from 
the extracts by automated ion exchange chromatographic amino 
acid analysis (10). High-resolution IH NMR at 500 MHz of 
extracts to which a known concentration of trimethylsilylpro- 
pionate had been added allowed separate measurement of brain 
phe and another phenyl-containing compound, as well as their 
total ([phenyl]). Serum [phe],,, was determined by chromato- 
graphic amino acid analysis (10). 

RESULTS 

Figure 1 shows a 'H  brain spectrum obtained from a normal 
rabbit in vivo, with the excitation maximum of the binomial 
pulse sequence set at 7.37 ppm. The upfield region (0-4 ppm) 
contains the familiar resonances found in brain spectra obtained 
in vivo with longer spin echo delays, including those from tri- 
methylamines at 3.26 ppm, total creatine at 3.03 ppm, and N- 
acetyl aspartate at 2.02 ppm. The major resonances of glutamate, 
aspartate, and glutamine are in the region between 2.3 and 2.6 
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ppm, labeled "amino acids." The downfield region (6-9 ppm) in 
the control spectrum consistently contains six resonances that 
have relatively short TZS and have not been conclusively assigned. 

Figure 2 compares part of the downfield region (6.5-8.5 ppm) 
of spectra obtained from the brains of normal and hyper-phe 
rabbits in vivo. In the hyper-phe animal (A10 in Table l), there 
is an additional peak at 7.37 ppm, corresponding to the aromatic 
protons of phenyl. In this animai, serum [phe],,, was 5.1 mM, 
and subsequent analysis of brain samples by amino acid analyzer 
and 'H NMR yielded values for brain [phe],,, and [phenyl] of 
2.3 and 1.6 mM, respectively. Brain [phenyl] estimated from in 
vivo spectra was 2.0 mM. 

High field 'H NMR analysis of the brain extracts revealed the 
presence in most brains of an additional aromatic multiplet 
displaced slightly upfield of the phe multiplet (Fig. 3). The 
amount of this extra compound varied (Table 1). This additional 
set of peaks would not be resolved from the phe resonance in 
situ. Pending firm assignment, we designate their source as 
"compound X." This complex multiplet is observed as a single 
broad resonance in in vivo spectra due to the higher field strength 
used in the in vitro NMR analysis (1 1.8 Tesla versus 4.7 Tesla), 
broadening of each peak in the multiplet due to greater magnetic 
field inhomogeneity present under in vivo conditions, and vari- 
ation in the intensity and location of these peaks that is depend- 
ent on field strength. 

Table 1 summarizes the data obtained from 11-hyper-phe 
animals. As shown in Figure 4, the in situ determination of brain 
[phenyl] was in excellent agreement with brain [phe],,, deter- 
mined from postmortem brain samples. This conclusion was 
borne out by statistical comparison using the method of Bland 
and Altman (14), which uses differences between paired samples 
and is therefore appropriate when the original data are not 
normally distributed. The test found no significant difference at 
the 95% confidence limit between brain [phenyl] determined by 
in situ 'H NMR and amino acid analysis. Comparison of in situ 
and in vitro 'H  NMR data showed excellent agreement when the 
latter included compound X. This suggests that both phe and 
compound X were measured by both the in situ NMR method 
([phenyl]) and the amino acid analyzer method (brain [phe],,,). 

Figure 5 shows the correlation between brain [phenyl] meas- 
ured in situ and the corresponding serum [phe],,,. It is clear that 
serum [phe],,, was a poor predictor of brain [phenyl], being 
greater in all cases, and five times greater in the most extreme 
case. Since compound X was present in all but one animal and 
comprised up to 74% of brain [phenyl], the discrepancy between 
brain [phe] and serum [phe],,, may have been even greater than 
the discrepancy in Figure 5. 

pound that accumulates as a consequence of inhibition by a -  
methyl phe of enzymes other than phe-4-monooxygenase. Our 
data do not reveal whether it is produced in the brain, or 
produced elsewhere and taken up by the brain. However, prelim- 
inary studies based on analysis of the multiplet structure of the 
X resonance indicate that it may be 7-glutamyl-phe. Formation 
of this dipeptide would be favored in brain, where glutamate 
concentrations are normally 8-10 mM, and would be consistent 
with reports suggesting that some metabolites are removed from 
the brain by first conjugating them with glutamate (13). If it is 
present in the brains of patients with hyper-phe, it may play a 
part in the neurologic pathophysiology of those conditions. How- 
ever, it might well be present in brain but not blood, making its 
role difficult to assess. As our study shows, its NMR signal is not 
separable from that of phe in vivo. If it is shed into the cerebro- 
spinal fluid, it could be detected in lumbar puncture samples by 
high-resolution NMR (1  5). 

NMR spectrometers in which humans can be studied at 4 
Tesla are now available (16), and the techniques described here, 
when combined with quite rudimentary spatial localization 
schemes, should permit spectra similar to those shown here to 
be obtained in humans with hyper-phe. Although the chemical 
shift dispersion is smaller at the fields of 1.5-2.1 Tesla more 
generally available for human 'H NMR spectroscopy, it should 
still be possible to detect a peak at 7.37 ppm attributable to 
elevated brain [phenyl] in human phenylketonurics who do not 
follow a low-phe diet, since the effective line width of the 
downfield multiplet of phe should become narrower as the 
couplings become more AB in character (7). Such measurement 
capability would permit direct examination of the relationship 
between brain [phenyl] and the severity of neurophyschologic 
impairment found in some hyper-phe patients when they are off 
the low-phe diet. It would also allow monitoring of brain [phenyl] 
during treatments such as neutral amino acid supplements (17, 
18) or somatic cell gene therapy (19). Direct measurement of 
brain [phenyl] may be particularly important for such evalua- 
tions in view of the pronounced discrepancy between serum 
[phe],,, and brain [phenyl] in this study. If brain [phenyl] were 
shown to persist for days after serum [phe],,, reached normal 
levels, medical capability to monitor therapy would be extended. 
If the ratio of brain [phenyl] to serum [phe],,, was found to vary 
widely among individual PKU patients, new understanding of 
the pathophysiology of the disease might be achieved. 
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