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Menkes, Hurst and Craig (1954) described four
infants with a progressive cerebro-degenerative
disease. They were from a family of six children.
Two were quite normal and of the four affected
infants one survived for three months, but the others
died within 14 days. An outstanding characteristic
of the disease was the peculiarly pleasant smell of
the urine, which was similar to that of maple syrup.
Westall, Dancis and Miller (1957) reported a further
clinically similar case which had survived until
20 months old. They found that the urine, which
had the same characteristic odour, also contained
excessive amounts of leucine, isoleucine and valine.
Examination of the blood plasma revealed exces-
sively high levels of these amino acids and also of
methionine whilst the other amino acids were
normal or at subnormal levels. Meanwhile, Menkes
(1959) and Dancis, Levitz, Miller and Westall (1959),
working on the urine from the same case, reported
an elevated excretion of the branched-chain keto
acids corresponding to the deaminated amino acids
leucine, isoleucine and valine. Concurrently,
Mackenzie and Woolf (1959), who had discovered
a new case, confirmed the aminoacidaemia and
aminoaciduria for the branched-chain amino acids
and also independently discovered the excessive
excretion of the corresponding keto acids. In 1959,
the case described by Mackenzie and Woolf, which
had been admitted to The Hospital for Sick Children,
Great Ormond Street, under Professor A. Moncrieff,
was transferred for further studies to the Metabolic
Ward of University College Hospital under the
care of one of us (C.E.D.).

Case Report
The earlier history of this case has been given in

more detail by Mackenzie and Woolf (1959); bio-
chemical studies are the subject of a further report
in this issue (Patrick, 1961). The child, Carris O'C.,
was the first child of healthy unrelated parents. She
was considered to be normal for the first week after
birth, but for the next four months made slow progress
because of feeding difficulty and failure to thrive. At
this stage she was noted to have occasional jerking

movements of her limbs and attacks lasting a few seconds
in which she became stiff and cyanosed. She showed
a grossly abnormal E.E.G. Her I.Q. (Griffiths scale)
was 55. Her urine showed a large excess of valine,
leucine and isoleucine and of the corresponding keto
acids.
On transfer to University College Hospital at the age

of 8 months she weighed 7.1 kg. and measured 25} in.
in length (between 3 and 10 percentiles). There was
some flexural eczema. She was grossly retarded mentally,
constantly lying on her back with only occasional
attempts to raise her head. She could not sit up un-
aided. She did not appear to be deaf, but was almost
certainly blind. Her legs were usually outstretched
and crossed with high tonus, her arms were usually
flexed and also stiff. Limb reflexes were increased
symmetrically. She frequently had attacks lasting a
minute or so in which her body became stiff in opistho-
tonus. Feeding required perseverance and patience.
Her haemoglobin was 76%. Urine showed a slight

trace of protein, but was normal on microscopy. Bio-
chemical findings and further progress are described
below. Indole chromatograms on the urine showed
increased outputs of indolylacetic acid and of indolyl-
acetyl glutamine.

Analytical Methods
The amino acid analyses of plasma and diet were

carried out by the ion-exchange column chromatographic
method of Moore and Stein (1954).
The method of McArdle (1957) was used for deter-

mining the keto acids in plasma and urine, but one major
modification and an additional step were added which
aided the identification of the higher keto acids. In the
standard method the 2,4-dinitrophenylhydrazones of the
keto acids which are extracted from the acidified urine
or plasma by the ethanol-ethyl acetate mixture are then
transferred into the aqueous phase again by extraction
with 2N-NH4OH. Whilst this is perfectly satisfactory
for recovering the 2,4-dinitrophenylhydrazones of
a-oxoglutaric acid and of pyruvic acid it does not give
full recoveries of the less water-soluble DNP hydrazones
of the keto acids with longer carbon chains which
comprised the bulk of our material. Hence it was found
necessary to use a more alkaline extractant. For this
purpose a 1 :1 mixture of 10% Na2CO3 and 2.5
N-NaOH was used. However, since there was some
danger of degradation of the DNP hydrazones in this
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ARCHIVES OF DISEASE IN CHILDHOOD

very alkaline medium they were quickly acidified and
transferred back into ethyl acetate as soon as the extrac-
tion was completed. The final volume of ethyl acetate
containing the DNP hydrazones was reduced to 3 ml.
(the original sample of urine or plasma was 3 ml.)
and 0-5 ml. applied to the paper for chromatographic
analysis. With the n-butanol-ethanol-0- 5 N-NH4OH
(7:1:2) solvent system (McArdle, 1957) the spots due to
ax-oxoglutaric acid and pyruvic acid hydrazones can be
cut out and measured in the usual way since they are
well separated and uncontaminated by any other DNP
hydrazones. However, when there is a high concen-
tration of the keto acids of longer carbon chain length
or quantities of phenolpyruvic and hydroxyphenol-
pyruvic acids present in the sample the DNP hydrazones
of these substances all run to an area of the paper strip
corresponding to a RF value of between 0- 6-0- 8 and
cannot be estimated separately. Therefore in assaying
plasmas and urines in cases of maple syrup disease for
keto acids any coloured spots with RF values of between
0-6-0-8 were cut out and measured in the spectrophoto-
meter and recorded as a-oxo-isocaproic acid units. In
order to estimate approximately the relative composition
of the mixed DNP hydrazones they were hydrogenated
to yield the analogous amino acids which could then be
readily identified (Towers, Thompson and Steward,
1954; Meister and Abendschein, 1956). For this
purpose the remaining 2- 5 ml. of the ethyl acetate
extract of the mixed DNP hydrazones was taken to
dryness and redissolved in 2 ml. of glacial acetic acid,
3-4 drops of 2N-HC1 were added and the solution
transferred to the chamber of an electrolytic desalting
apparatus (Smith, 1958). During the course of 10-15
minutes the yellow colour faded leaving a water clear
solution (if the yellow colour is persistent the amount
of current passing is too low and a few more drops of
acid are needed). The hydrogenated solution was
reduced in volume (in vacuo) to 0-2 ml., and 0-1 ml.
was applied to a large sheet of No. 4 Whatman paper
for two-way separation of the amino acids (Dent, 1951),
whilst the other 0-1 ml. was applied to a strip of No. 4
paper and run in water-saturated tertiary amyl alcohol
with a few drops of diethylamine in the bottom of the
tank (Work, 1948). The large chromatogram gave a
general picture of the regenerated amino acids and the
strip showed the relative concentrations of leucine and
isoleucine which are not otherwise separated from each
other.

Dietary Trials
Additions to Milk Diet. From the data that have

accumulated so far from the studies on patients
with the disease (Westall et al., 1957; Menkes,
1959; Mackenzie and Woolf, 1959; Dancis, Levitz
and Westall, 1960) it seems that the metabolic lesion
probably occurs in the pathway of the further
degradation of the keto acid derivatives of the three
branched-chain amino acids leucine, isoleucine and
valine. Since all three keto acids seem to be involved
the metabolic block must occur early in the degrada-

tion sequence as their pathways diverge later (Coon,
Robinson and Bachawat, 1955). The first step in
the degradation of these keto acids is oxidative
decarboxylation and condensation with a molecule
of co-enzyme A (CoA). Westall et al. (1957)
reported that their case had a high methionine and
a barely detectable cystine concentration in the
plasma and this imbalance of the sulphur-containing
amino acids was noticed in our case also (see later).
Therefore it was conceivable that the primary fault
in this disease lay in an inability to convert methion-
ine to cystine resulting in a diminished production
of CoA and leading in turn to an accumulation of
the branched-chain keto acids. Although, in view
of the large number of reactions in which CoA
takes part it seemed that such a condition would
have more far-reaching effects, it was decided to
carry out a trial by supplementing the patient's
diet with cystine. This was later replaced by
cysteine, which is more soluble and better absorbed
than cystine and, moreover, does not require to be
reduced before incorporation in CoA. We also
tried a short course of treatment with lipoic acid,
the dithiol acid which is a co-factor in the further
oxidation of pyruvic and a-oxoglutaric acids, and
perhaps also of the branched-chain keto acids.
On admission to this hospital the child was put

on a constant milk diet with sulphafurazole 0-25 g.
twice daily in continuation of therapy advised at
Great Ormond Street. The first two weeks were
used for control specimens of blood, urine and for
E.E.G. study. The baby was then given 4 g.
cystine in four divided doses of 1 g. in addition to
the milk diet over a period of five days. After
a six-day gap the process was repeated with 4 g.
of cysteine. After a few days on the diet alone she
was given 5 g. a day of sodium bicarbonate for
eight days in the hope that keto acid clearance by
the kidney might be increased, should their excretion
be limited by processes of non-ionic diffusion as in
the case of salicylic and certain other organic acids.
A later opportunity was taken between dietary
feeding trials to determine the possible effect of
thioctic (lipoic) acid. This was given in the dose
of 11 mg. a day for two days and then 22 mg. a day
for two days. The plasma and urinary keto acids
were measured from samples drawn on the last
day of each of the separate trials and the results are
presented in Table 1. Reference to this Table
shows that the additional supplements to the diet
had no appreciable effect on the keto acid content
of the fluids examined. Moreover, semi-quantita-
tive paper chromatographic examination of the
plasma and urine for amino acids showed that the
pattern was unchanged. Quantitative amino acid
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MAPLE SYRUP URINE DISEASE
TABLE 1

PLASMA AND URINARY KETO ACIDS ON MILK AND GELATINE DIETS

Plasma Urine

Diet Oxoglutaric Pyruvic Branched-chain Oxoglutaric Pyruvic Branched-chain
Acid Acid Keto Acids Acid Acid Keto Acids

(mg./100 ml.) (mg.!l00 ml.) (mg./100 ml.) (mg./100 ml.) (mg./100 ml.) (mg.!/100 ml.)

Control (milk) .. .. 0- 33 0-59 12-3 15-7 4-6 64-0
Control+cystine .. .. 0.40 065 8 -7 28 -0 5 - 6 47-0
Control+cysteine .. .. 0 32 0.91 11-7 25 -0 4-0 61-0
Control +lipoic acid .. 0-70 1 9 9.7 4-1 2- 5 42-0
Control+NaHCO3 ... 0-22 1-6 10-5 16-5 6-5 54-0

Gelatine . .0-13 2-7 2-6 24-7 33 -0 64-0
Gelatine+valine .. 0-26 1-95 2-38 11-2 11-5 55. 3
Gelatine+isoleucine .. 0-15 2-5 2-1 24-3 13-2 68-0
Gelatine+leucine ... 0-07 1.0 12-4 0-4 5-2 80-5
Modified casein 0-59 2-6 2-5 12-5 27-4 16-0
Modified casein 4-glutamine 0-13 3-12 2-08 0-65 2-65 11.5

analyses for the control period and period on
sodium bicarbonate are given in Table 3. We
therefore concluded that no benefit to the baby
could occur from such measures.

Restricted Intake of Leucine, Isoleucine and Valine:
'Gelatine Diet'. As the body fluids of the patient
had an excessively high level of leucine, isoleucine
and valine the obvious treatment was to restrict
the dietary intake of these amino acids on the
assumption that these high levels were harmful to the
baby. The treatment of phenylketonuria was
undertaken in a similar manner limiting in this case
the unwanted phenylalanine by treating a protein
hydrolysate with charcoal (Bickel, Gerrard and
Hickmans, 1954), or by using a pure amino acid
mixture in place of protein (Armstrong and
Tyler, 1955). Unfortunately there is no known
simple way of removing the branched-chain amino
acids from protein hydrolysates. In designing a
suitable diet due allowance must be made for the
fact that these are essential amino acids and the
dietary intake must include enough of them to
allow normal growth to take place. Snyderman,
Holt, Norton, Smellie and Boyer (1957) in their
metabolic study on the minimum requirement of
babies for valine, have given a figure of 85 mg. per
kilo per day. Since figures for leucine and iso-
leucine were not available we have assumed here
that the approximate requirement would be of the
order of 15 mg. and 75 mg. per kilo per day respec-
tively for leucine and isoleucine. A diet of this
nature cannot be supplied from natural foodstuffs
without lowering the total protein intake to an

extremely low level. Furthermore, an entirely
synthetic diet in which protein is entirely replaced
by pure amino acids is costly. We therefore
attempted a compromise which effected an economy
without in any way reducing the total protein
intake. Gelatine has comparatively lower amounts

of leucine, isoleucine and valine in its amino acid
composition than most other proteins. So it was
decided to use gelatine in quantities (25 g. per day)
which would just give the amounts of the branched-
chain amino acids which were required and to use
pure amino acids as supplements to bring the total
amino acids up to that yielded by 40 g. of cow's
milk protein. Carbohydrate and fat brought the
daily calorie content up to about 1,500 per day.
A mineral and a vitamin mixture were also added and

TABLE 2
THE LOW BRANCHED-CHAIN AMINO ACID DIET, BASED

ON GELATINE (INTAKE/DAY)

25 g. Gelatine Amino Acid
Protein Yielding: Supplement Tota

(g.) (g.) (g.)
Alanine ..2.5 - 2-5
Arginine .. 2 -2 - 2-2
Aspartic acid 1 6 2-4 4-0
Cystine 7-0 9-8
Glutamic acid 2 -8 7-0 9- 8
Glycine . 6 -0 - 6-0
Histidine .. 0 25 1-0 1-25
Hydroxyproline 3 25 3 25
Isoleucine 0 40 - 0 40
Leucine .. 90 - 0.90
Lysine 1 05 1-6 2-65
Methionine 0 20 0-8 (DL 1- 6) 1 0
Phenylalanine 0.60 1-9 (DL 3- 8) 2- 5
Proline .. 3 75 - 3-75
Serine 0.90 1-4 (DL 2- 8) 2-3
Threonine 0- 55 1-7 (DL 3- 4) 2-25
Tryptophan 0-9 (DL 1-8) 0-9
Tyrosine ..- 0-12 2-1 2-22
Valine ..- 0-70 - 0-70

Total .. 27-97 22-0 (DL 6-7) 49-77

Fat .. Arachis oil 40

Carbohydrate Sucrose 70

Mineral mixture: Calcium lactate 8-0 g., calcium chloride (CaCI2,
2H20) 0-5 g., dipotassium hydrogen phosphate 3-0 g., disodium
hydrogen phosphate 1-88 g., magnesium sulphate 1-25 g., ferrous
sulphate 6 mg., copper sulphate 5 mg., zinc chloride 5 mg., potassium
iodide 0-25 mg., potash alum 1 mg., cobalt sulphate 1-0 mg., sodium
molybdate 0-7 mg.

Vitamin mixture: Vitamin A 5,000 i.u., vitamin D 1,000 i.u.,
aneurine 1-0 mg., riboflavin 0-4 mg., pyridoxine 0-5 mg., nicotin-
amide 5 mg., ascorbic acid 25 mg., folic acid 0- 5 mg., choline chloride
75 mg., p-aminobenzoic acid 1 -0 mg., biotin 50 zg., vitamin B12 10 rig.
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ARCHIVES OF DISEASE IN CHILDHOOD

the whole diet was designed to simulate an intake
equivalent to that of a litre of milk each day.
The composition of the diet is given in Table 2.
The patient was maintained on this diet for

35 days. On the seventh and fourteenth days blood
and urine samples were collected for analysis. The
keto acids were determined, the amino acids were

examined by paper chromatography and a quan-
titative determination of the plasma amino acids
was carried out by the Moore and Stein (1954)
ion-exchange resin column method. From now on

we attempted to determine whether the baby could
metabolize individual branched-chain amino acid
when added separately to the diet. From the
fifteenth to the nineteenth day the basic diet was

supplemented with an additional 1 8 g. of valine
per day (to raise the total valine to the amount in
40 g. of milk protein). On the 20th to the 22nd day
the diet was given unaltered in order that equilibrium
might be attained before adding a supplement of
isoleucine (2 g. per day) each day for five days.
After re-equilibration on the basic gelatin diet,
3 -6 g. of leucine was added each day for a further
five days. The analytical results are given in
Tables I and 3.

There were no apparent clinical signs of improve-
ment in the condition of the patient during the
period on the dietary trial, but she continued to gain
weight. There was some vomiting during the time
when the leucine level was raised. The plasma
amino acid concentrations approached normal levels
during periods without supplementation by the
branched-chain amino acids and the plasma con-
centration of the branched-chain keto acids fell
from 10-12 to about 2 mg./100 ml. However, a most

TABLE 3
PLASMA AMINO ACIDS ON MILK AND

striking feature was the disappearance of the
characteristic smell from the urine. The replace-
ment of a normal level of valine to the diet raised
the plasma level for that amino acid to 46 mg./l 00 ml.,
but did not alter significantly the keto acid level.
Similarly, the addition of isoleucine raised the
plasma level of this amino acid to 27-6 mg./100 ml.,
but again the total branched-chain keto acid level in
the plasma was unchanged. By contrast, when the
leucine was added to the diet the plasma level of
leucine rose to 367 mg./100 ml. as expected, but also
the branched-chain keto acids increased to 12-4
mg./100 ml., and this figure was largely due to
ao-oxoisocaproic acid, the keto acid of leucine.
Moreover, the maple syrup odour returned to the
urine.
When the patient was put on the gelatin diet

some more subtle changes in the plasma amino
acid levels occurred, some of which were difficult
to interpret. For some reason the levels of serine
and threonine were high, up to four times normal,
during the first three weeks, but dropped to normal
levels later. Also the asparagine + glutamine
concentration was low at the beginning, but in-
creased later. The respective levels of methionine
and cystine approached normal on the partially
syntheiic diet, but it was difficult to see why the
methionine level should rise to 9 mg./l 00 ml. when the
isoleucine intake was returned to normal.
With respect to the urinary excretion of amino

acids on the gelatin diet, leucine, isoleucine and
valine were constantly seen on the paper chromato-
grams, although the amounts were less than when
the patient was on the milk diet. This, presumably,
is a reflection on the blood levels of these amino

GELATINE DIETS

Control Control Gelatine Gelatine Diet + Gelatine Diet + Gelatine Diet +
Amino Acid (Milk Diet) +NaHCO3 Diet Added Valine Added Isoleucine Added Leucine

(mg./100 ml.) (mg./100 ml.) (mg./100 ml.) (mg./100 ml.) (mg./100 ml.) (mg./100 ml.)

Alanine ... . 147 (3 3)* 2 87 (5 19)* 3.17 1-13
Arginine .. . -t 1 30 - 1 .16 2-03 1.42
Asparagine+ glutamine 1.96 4 80 2 00 2 32 8 66 6-18
Aspartic acid 0-14 0-14 0.74 0-24 0-22 0 35
Cystine . 0-0 0 0 117 0 92 0.56 1 11
Glutamic acid 0. 50 - 177 0 97
Glycine . 0090 (3- 3)* 5 82 (5 19)* 4-91 4.00
Histidine 0 80 1.19 - 1 34 1-21 1-45
Isoleucine 8 - 50 8 30 1*87 1 85 27 -6 0 50
Leucine 21-1 25-0 5-68 4-60 4-45 36-7
Lysine . 0-7 153 1 61 2 57 1.36
Methionine 3 90 3 22 0.98 1 67 8 99 1 70
Ornithine - - - 128 1.13 0 95
Phenylalanine 0*90 1 42 3 50 2.07 3 50 4.45
Proline 1 60 3 25 -

Serine. 1 20 1.55 6 89 3 85 3 42 1.68
Taurine - 070 1.64 1 96 1.90 2-20
Threonine 0 90 2-57 6-41 4 40 1.09 1.19
Tyrosine 0 80 1.45 3.07 1 90 2.51 1.90
Valine 14.5 15 5 6 46 42 6 7- 30 2.99

* Glycine + alanine.
t The dashes indicate that no analysis was obtained for technical reasons.
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MAPLE SYRUP URINE DISEASE

FIG. 1.-Paper chromatographic analysis of the amino acids presen
obtained from the ion-exchange resin column. The acidic amino acids are
fractions, followed by the neutrals, whilst the basic amino acids occur in

acids which, although much reduced on this diet,
were still above normal. It appears that the
dietary intake of these amino acids could be further
reduced with benefit to the baby. The urinary
excretion of keto acids was always high, but it was
largely artefactual since the total figure was raised
by the presence of large amounts of phenylpyruvic
acid derived from d-phenylalanine as this amino
acid was added to the diet in the racemic form.

After these trials were over the cost of the diet
forced us to return her to a milk diet again. The
results of the trial seemed to point to leucine being
the major amino acid implicated in the disturbance
of metabolism. It contributed to most of the keto
acid production and to the urinary odour. Clini-
cally she was not so well when this amino acid was
replaced in the diet in normal quantities; she vomited
on several occasions and she was more restless. How-
ever, she was also unable to metabolize the valine
and isoleucine when they were given separately.

Modified Casein Hydrolysate Very Low in Leucine.
It has already been pointed out that it is impossible
to provide a natural diet adequate in terms of total
protein which will supply at the same time the much-
reduced quantity of the branched-chain amino
acids which appear necessary for the well-being of
this patient. However, such a diet can be prepared
in the laboratory at no great cost in raw materials,
but with a considerable expenditure of time and
labour. Casein was hydrolysed with strong acid
and the liberated amino acids fractionated by means
of charcoal extraction and passage through a column

of a cationic exchange resin, follow-
.,1 , ing the procedure described by
~:<,:i ~Partridge (1949) except that the ion-
',s:f' ~exchange resin Zeo-Karb 225 was

,m.::: · used instead of Zeo-Karb 215. The
apparatus and the procedure have

}?(!!:i* been briefly described in an article
M . ...on ion exchange resins (Westall,

1961). The fractions obtained were
analysed for amino acids by paper
chromatography and the results are

i.......~., illustrated in Fig. 1. It will be seen
i ;: 'that by rejecting fractions 10-14

inclusive most of the leucine and
L isoleucine and about one half of the

valine can be excluded. Thus by
recombining the remaining fractions,
adding back the phenylalanine and
tyrosine, which were recovered from

t in the fractions the charcoal residue, and compensat-
found in the early
the later fractions. ing for the losses of cystine, methio-

nine, histidine, lysine and tryptophan,
an amino acid mixture was obtained which had much-
reduced levels ofthe branched-chain amino acids. The
analysis of the mixture in terms of the amounts of
the various amino acids present in the diet each day
is given in Table 4. The other non-protein com-
ponents of the diet were the same as for the previous
trial, the new amino acid mixture replacing the
gelatine + amino acid supplements used before.
The total weight of amino acids (24 g.) given each
day during the new trial was lower than we would
have wished, but by giving this amount we were
just able to match the rate of laboratory production
of the mixture with the rate of consumption by the
patient. This was kept up for a period of six weeks.
With the new amino acid mixture the leucine,
isoleucine and valine intake was 0.2, 0-3 and 1*8 g.
respectively.
The patient took the diet well and continued to

grow satisfactorily throughout the trial period.
Again the maple syrup smell of the urine which had
quickly returned whilst on the milk diet, disappeared.
The plasma level of the branched-chain keto acids
fell to 1 -1 mg. per 100 ml. (Table 1), the lowest
concentration achieved so far. However, the
concentration of isoleucine in the plasma was 9- 9
mg. per 100 ml. in spite of the low intake of this
amino acid and we were astonished to find that the
plasma valine level had risen to 76 5 mg./100 ml.,
although the valine content of the diet was only
about two-thirds of that in the milk diet. The
methionine level was also well above normal, but
the cystine, although low, was just within normal
limits. The plasma level of glutamine appeared
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ARCHIVES OF DISEASE IN CHILDHOOD

TABLE 4
PLASMA AND CEREBROSPINAL FLUID AMINO ACIDS ON MODIFIED CASEIN HYDROLYSATE DIET

Plasma C.S.F.
Amino Acid Diet Intake

Diet Only Diet+Glutamine Diet Only Diet + Glutamine
(g./24 hrs) (mg./100 ml.) (mg./100 ml.) (mg./100 ml.) (mg./100 ml.)

Alanine.. . 1-00 1.90 170 0 21 0.46
Arginine... 0 50 1.40 -_
Asparagine+glutamine _* 1.80 210 1.40 2*81
Asparticacid .. .. 210 0-22 0.00 0.07 0 00
Cystine .. . 080 0.70 0 50 0.00 0 00
Glutamic acid .. .. 5 50 1 00 050 0 00 0.00
Glycine.. . 060 3 00 3 00 0.43 0.48
Histidine .. .. 1 10 1- 50 0.78
Isoleucine .. .. 030 9 90 7 50 0 73 0.60
Leucine ...... 020 1.10 0 32 1.28 1.14
Lysine .... 140 177 2.50 0.51
Methionine .. .. 140 3 90 5 50 0.02
Ornithine ..-.. 0.90 0.86 0 22
Phenylalanine .. .. 050 0- 60 064 0 24
Proline......240 - - -

Serine 1. ... 1.50 2.60 1.40 0 64 0 56
Taurine......- 1.00 077 0.91 0'95
Threonine ..1.. 20 4-90 2 50 0-94 0.52
Tyrosine .. 0.90 1.10 1 60 0.31
Valine.. . 1-80 76-5 77 8 11-8 9 -8

* The dashes indicate that no analysis was obtained for technical reasons.

to be low, but the recovery of this amino acid is
well known to be variable when estimated by the
Moore and Stein method. However, in view of
this, during the latter part of the trial with the
modified casein hydrolysate the daily diet was
supplemented by the addition of 5 g. of 1-glutamine.
Analysis of the plasma sample taken after five
days showed only a slight rise in the glutamine
level and confirmed the high valine figure. The
plasma leucine level had fallen further to 0.32 mg.
per 100 ml., which indicated that if a further trial
was carried out the leucine intake should be slightly
raised.

Studies on the Cerebrospinal Fluid. We were
especially interested to consider changes in the
composition of the baby's C.S.F. in case these might
mirror the clinical changes more accurately than
would analyses of blood. The paper chromato-
graphic pattern of the amino acids of 625 [,l. of
normal deproteinized C.S.F. shows a strong spot
due to glutamine and much weaker spots of alanine,
glycine, serine and barely discernible spots due to
valine, leucine(s), tyrosine and lysine (Dent and
Walshe, 1954). In fact, apart from the glutamine,
it reflects a weakened version of the blood plasma
picture. When the patient was on the milk diet
her C.S.F. amino acids were found to be mimicking
the situation in the blood with abnormally high
concentrations of leucine, isoleucine and valine,
higher in fact than the concentration of glutamine.
These levels were reduced later with respect to
leucine and isoleucine when the patient was on the
modified casein-hydrolysate diet, but the valine
level remained high.

In the same way the branched-chain keto acids
in the C.S.F. reflected the concentration of these
amino acids in the blood plasma. When the plasma
contained 11 mg. per 100 ml. of the total branched-
chain keto acids the C.S.F. level was 3-1 mg. per
100 ml. and when the plasma level dropped to
2-1 mg. per 100 ml. on the modified diet the C.S.F.
concentration also dropped to 0-85 mg. per 100 ml.
Further, at the higher level of 3 -1 mg. per 100 ml.
of total branched-chain keto acids in the C.S.F. the
keto derivatives of leucine, isoleucine and valine
were represented. But later, when on the modified
diet, valine was the only amino acid which was
excessively high in the plasma. This led to a high
level of ao-oxoisovaleric acid also in the plasma and
once again the value of 0 86 mg. per 100 ml. of total
branched-chain keto acid in the C.S.F. was almost
entirely composed of cx-oxoisovaleric acid (Table 5).

TABLE 5
CEREBROSPINAL FLUID KETO ACIDS

a-oxoglutaric Pyruvic Branched-chain
Acid Acid Keto Acids

Diet (mg./100 ml.) (mg./100 ml.) (mg./100 ml.)
Control-milk diet 0 33 1 34 3 15*
Modified casein

diet .. 004 1-20 0-85t
Modified casein +

glutamine .. 0 06 O 71 0 86t

* Mainly t-oxoisocaproic acid.
t Mainly oc-oxoisovaleric acid.

On the modified diet, with and without added
glutamine, the values for a-oxoglutaric acid and
pyruvic acid in the C.S.F. were well within normal
limits, but the a-oxoglutaric acid level of 0.33 mg.
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MAPLE SYRUP URINE DISEASE

C.OC. b.13.5.58 MONTHS
FIG. 2.-Growth data for C.O'C. The growth while on our various

diets at U.C.H. can be noted.
The normal percentiles are copied from the charts prepared by

Dr. H. C. Stuart (Children's Medical Center, Boston, Mass.).

per 100 ml. was found when the patient was on the
milk diet. This matched the concentration in the
plasma measured at the same time. On the evidence
of a single determination we cannot say whether
this is significant or not.

Further Clinical Data. It has been mentioned
above that the baby's general condition remained
practically unchanged during the dietary trials, with
only a suspicion that she worsened when given a

disproportionate amount of leucine. The growth
curves (Fig. 2) show that as far as general nutrition
was concerned she did well, passing from the 3
percentile to the 50 during the whole period on the
various diets, during which her biochemistry became
intermittently normal according to the particular
trial in question. An unexpected finding on the
modified casein hydrolysate diet was that a few days
after beginning it all the baby's hair came out and
showed no evidence of regrowth while in hospital

subsequently. We were especially interested to
perform E.E.G.s at various stages in the treatment
as there seemed a possibility that these might change
more quickly than the child's observed behaviour.
One was done while on the milk diet, one after
13 days on the gelatine diet while the baby's bio-
chemistry was practically normal, and one after
each period of loading with valine, leucine and
isoleucine. All were grossly abnormal and showed
no definite differences under the various dietary
conditions.
While on the milk diet, soon after admission,

timed blood and urine collections were obtained
for amino acid clearance determinations. These
showed low normal clearances for all the amino
acids; in particular the clearances for valine, leucine
and isoleucine were 01, 0.1, 0.1 ml. per min.
respectively, all below the normal range. This
confirmed the 'overflow' mechanism for the amino-
aciduria and excluded renal factors whether primary
or secondary to the amino acid or keto excretions.
Of interest was the fact that during periods of

relatively normal biochemistry the excretion of
indolic acids in the urine became normal. Clearly
this abnormality must in some way be an induced
artefact as is the case with the almost identical
abnormality found in phenylketonuria.
On June 20, 1959, the baby was transferred to

Botley's Park Hospital pending the arrival from the
United States of America of a large quantity of pure
amino acids kindly offered to us for her further
dietary treatment. She had, meanwhile, been put
back on her previous milk diet. She did not do
too well on this and unfortunately died on August 23,
1959, a few days before the arrival of the supply
of the amino acids. A detailed autopsy was
carried out and will be published elsewhere (Crome,
Dutton and Ross, 1961).

Discussion
One of us (R.G.W.) had the opportunity of work-

ing on a previous baby with this disease (Dancis
et al., 1960) and one of the striking features of the
present study has been the close similarity in the
grossly abnormal plasma and urine amino and keto
acid patterns in the two cases. The identical
patterns have also been noted in the urine of a
further case, kindly sent to us by Dr. D. Gairdner.
As the diagnostic amino acid patterns have not
yet been published we illustrate these in Figs 3a
and b. We agree with the earlier workers that
there is an accumulation in the plasma of the keto
acids a-oxoisocaproic, a-oxomethylvaleric, oc-oxo-
isovaleric acids and possibly also of oc-oxomethiol-
butyric acid, but further stress that of these the

4
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ARCHIVES OF DISEASE IN CHILDHOOD

FIG. 3a.-A paper chromatogram of the urine of patient C.O'C. The volume of urine applied to the paper was 45 tl. and
contained 0-25 mg. of total N.

FIG. 3b.-A paper chromatogram of the plasma of patient C.O'C. 625 1I. of deproteinized and desalted plasma was applied
to the paper. 1, leucine and isoleucine; 2, valine; 3, tyrosine; 4, histidine; 5, lysine; 6, alanine; 7, glutamine; 8, threonine;

9, glycine; 10, serine; 11, taurine; 12, glutamic acid.
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MAPLE SYRUP URINE DISEASE

predominant constituent by far is a-oxoisocaproic
acid. This is the keto acid derived from leucine.
We have also shown from our dietary experiments
that the metabolite in the urine responsible for its
characteristic smell is also derived from leucine.
This made us wonder for a time if leucine was the
key amino acid whose metabolism was primarily
disturbed, the other amino acids being affected by
some secondary mechanism such as substrate
competition. It was tempting to try and relate the
whole disorder to one metabolic block due to an
inborn deficiency of one enzyme. We had this in
mind when we designed our feeding trial with the
modified casein hydrolysate. This was made very
low in leucine, less low in isoleucine and only
slightly low in valine. The results, when they
came through, of the earlier trial on the gelatin diet
taken together with those giving modified casein
hydrolysate clearly indicated that each of the three
branch amino acids demonstrated a gross metabolic
block independently of the others. Hence, if we
wish to support the classical genetic theory of one
gene one enzyme, we are forced to suggest that the
three amino acids share a common metabolic
pathway and that this is at the stage of oxidative
decarboxylation of their keto acid derivatives as
shown below, where R represents the carbon chain
of the amino acid in question.

R COOH

CH(NH2) + CH2

OOH ICOI
COOH

R
I
CO + HS.CoA

COOH

R COOH
II

transaminase CO +CH2
I I
COOH CH(NH2)

I
COOH

R
oxidative
decarboxyla- CO-S-CoA

tion

(blocked in +CO2+2H further
patient) break-

down by
various
routes

Our results, therefore, support the suggestions
already made by Dancis et al. (1959), Mackenzie
and Woolf (1959) and Menkes (1959).
The suggestion above does not preclude the

possibility of secondary metabolic blocks consequent
on the grossly abnormal plasma levels of metabolites
in the untreated state. It is of note here that on the
control milk diet the plasma levels of each branched-
chain amino acid were lower than on the experimental
diets to which the particular amino acid was added
in the same amount as on the milk diet. The valine

level, for instance, was about 15 mg. per 100 ml.
on the milk diet but rose to 42-6 when valine was
added to the gelatin diet (Table 3) and to about 77
on the slightly lower intake on modified casein
hydrolysate (Table 4). This suggests that the body
coped even worse with the one amino acid in turn
when the amino acid imbalance was exaggerated
in this way. Some information is, in fact, available
which shows the effect of inducing this type of
amino acid imbalance. Snyderman, Cusworth,
Roitman and Holt (1959) showed that the omission
of leucine from an otherwise normal diet fed to two
normal infants reduced the plasma leucine level as
expected, but also caused a marked rise in the plasma
valine concentration. Likewise, in our experiments
the high methionine levels on the milk diet (with
low cystine) could well have been due to competition
with methionine of the branched amino acids since
this was largely corrected on the gelatin diet. This
possibly induced metabolic block seemed more
sensitive to isoleucine than to the other branched-
chain amino acids since on the gelatin diet the
methionine level in the plasma only rose when
isoleucine was added, not with valine or leucine.
Other probable induced metabolic blocks in the
untreated state are indicated by the high indolic
acid excretion, recalling that occurring in untreated
phenylketonuria.
With regard to the feeding trials which we carried

out, we now have reason to believe that it should
be possible with similar forms of diet to adjust
quite accurately the amino acid intake of the
branched-chain amino acids of methionine so as to
allow enough for growth while still maintaining
normal plasma amino and keto acid levels. Un-
fortunately this is a costly procedure at present, but
now that the disease has been recognized and is
easy to detect, it may well prove to be less rare than
we think. This would certainly justify pilot-scale
production of a suitable amino acid mixture ob-
tained from casein hydrolysate in the manner
indicated here.
We are still left wondering how far the patient's

whole clinical picture might have been immediately
related to the gross metabolic abnormality found.
There seemed to be no detectable improvement in
her neurological state whilst her biochemistry was
made more or less normal by means of the modified
diets. This could well have been because the
damage already done to the central nervous system
was irreversible, as it is also believed to be in cases
of phenylketonuria which are treated after I year
of age. It was encouraging to note that during
the various dietary trials the patient continued to
grow at a steady rate and her physical condition
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268 ARCHIVES OF DISEASE IN CHILDHOOD
was satisfactory. There was certainly no progres-
sion of the disease so we are left in the hope that a
diet designed to avoid the excess of amino and keto
acids might be instrumental in preventing the
damage. From the cases so far described (Menkes
et al., 1954) and two other cases which have recently
come to our notice (Gairdner, unpublished) the
disease may have a fatal outcome within 14 days
so that an early diagnosis is particularly essential.
Apparently the first clinical sign is seen at about
4-5 days of age when the child shows a reluctance
to feed. The maple syrup odour may develop
some days later and may easily be overlooked unless
it is looked for particularly.

Summary
Further studies have been undertaken of a baby

with maple syrup urine disease.
Of the various methods tried only diets low in

the branched-chain amino acids were able to make
normal the observed metabolic abnormalities.
No clinical improvement was noted during our

dietary experiments. They were, however, of short
duration and were probably applied too late.
The metabolism of the three keto acids derived

from leucine, isoleucine and valine seemed to be
grossly impaired presumably because they shared a
common pathway at one point.
A method is described of preparing a casein

hydrolysate low in leucine, isoleucine and valine
and potentially capable of adaptation to larger
scale production.
The authors acknowledge with gratitude a grant from

the Nuffield Foundation, through the courtesy of
Professor L. S. Penrose, which enabled them to purchase
the amino acids used in the dietary trials. They also
thank Miss E. Davies, who carried out the Moore and
Stein analyses, and the dietitian (Mrs. B. Hartland),

Sister (Miss M. Wilmot) and nurses of the Metabolic
Ward, University College Hospital, London.
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