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A B S T R A a .  A stable isotope dilution method was devel- 
oped to measure accurately small amounts of isovalerylgly- 
cine in amniotic fluid and urine for the prenatal diagnosis 
of isovaleric acidemia. [4,4,4-D3]Isovalerylglycine was syn- 
thesized and used a s  an internal standard. Samples were 
extracted, methylated, and analyzed by chemical ionization 
gas chromatography-mass spectrometry operated in the 
selected ion monitoring mode. This method is very sensitive 
(lower limit -5 ng/ml), linear over three orders of magni- 
tude above 10 ng/ml up to a t  least 1 0  pg/ml and reprodu- 
cible. No isovalerylglycine was detected a t  all in amniotic 
fluids from eleven normal pregnant women with an excep- 
tion of a single case which contained 6 ng/ml. Amniotic 
fluids from five pregnancies a t  risk were analyzed. Two of 
these samples had isovalerylglycine concentrations of 957 
and 556 ng/ml. Three others contained 18, 18, and 1 7  ng/ 
ml of isovalerylglycine. Postpartum diagnostic tests and/or 
in vitro assay of isovaleryl-CoA dehydrogenase of [1-'4C] 
isovaleric acid oxidation using amniocytes confirmed that 
the first two fetuses were affected by isovaleric acidemia, 
whereas the latter three were unaffected. The method 
described in this report provides a highly accurate and 
reliable technique for the prenatal diagnosis of isovaleric 
acidemia. (Pediatr Res 20: 222-226, 1986) 

Abbreviations 

CI, chemical ionization 
D,-IVG, [4,4,4-D3]isovalerylglycine 
GC/MS, gas chromatography-mass spectroscopy 
MLT, macromolecular labeling test 
IVG, isovalerylglycine 
SIM, selected ion monitoring 

detoxification mechanism is effective enough to prevent the 
accumulation of isovaleric acid in remission. However, during 
periods of acidosis, isovaleric acid accumulates in blood, and 
other secondary abnormal metabolites such as 3- and 4-hydrox- 
yisovaleric acids (4-6), and isovaleryl glucuronide (7, 8) are also 
excreted in excess in urine. A few other minor metabolites 
including methylsuccinic (9, 3-hydroxyisoheptanoic (9), and 
isovalerylglutamic acids (10) have also been detected in small 
amounts in acidosis. 

Although isovaleric acidemia was first reported in 1966 ( I ) ,  its 
prenatal diagnosis has not been reported. To establish a practical, 
accurate method for the prenatal diagnosis of isovaleric acidemia, 
we developed a stable isotope dilution method for the analysis 
of isovalerylglycine in amniotic fluid. Since fetal urine is the 
main source of amniotic fluid, isovalerylglycine is expected to 
accumulate in the amniotic fluid of an affected fetus. It is not 
known, however, whether the glycine conjugation system is 
developed in the fetus at the time of amniocentesis. In rats and 
rabbits, glycine N-acylase develops during the perinatal period 
(I I). Even if this enzyme normally develops in the perinatal 
period in humans as well, we considered that the accumulation 
of isovaleryl-CoA in an affected fetus would induce the devel- 
opment of glycine-N-acylase in early fetal life and ensure the 
excretion of isovalerylglycine by the fetus. We did not choose 
other metabolites since with the exception of isovaleryl glucuro- 
nide, they are excreted only during acidosis, and in much smaller 
amounts than IVG. Newborn babies with isovaleric acidemia are 
not acidotic immediately after birth (12). The stable isotope 
dilution method was employed since it provides the ultra-sensi- 
tivity necessary to accurately measure small amounts of IVG in 
normal amniotic fluids as well as those from affected pregnancies. 
It is fast, requiring only several hours (13). In our method 
presented here, we synthesized D3-IVG, (Fig. 1) and used it as 
internal standard. 

MATERIALS AND METHODS 
Isovaleric acidemia is an autosomal recessive inherited disor- 

der of leucine metabolism due to a deficiency of isovaleryl-CoA Materials. [4,4,4-D3]isovaleryl chloride (99% D3 at one of the 
dehydrogenase (1,  2). In patients with isovaleric acidemia, the methyls at C-4) was custom synthesized by Merck, Sharp and 
majority of unoxidized isovaleryl-CoA is effectively conjugated Dohm (Point Clair, Quebec, Canada). Glycine (electrophoresis 
with glycine by the action of glycine-N-acylase, and continuously purity) was purchased from BioRad (Richmond, CAI. Ethyl 
excreted as isovalerylglycine in large amounts of urine (3). This acetate (Gold label) was obtained from Aldrich Chemical Co. 

(Milwaukee, WI). Gaseous diazomethane was generated in small 
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Fig. 1 .  Chemical structures of the naturai IVG ( A )  and D,-IVG (B) 

-isovaleryl chloride (2.4 g) and glycine (1.4 g) according to the 
method previously described (3). The product was recrystallized 
twice from ethyl acetatelhexane (1:3); 1.6 g of D3-IVG were 
obtained. The chemical purity and isotopic enrichment were 99 
and 98.9 1 %, respectively, as determined by GC/MS. 

Preparation of patient samples ,for analysis. Amniotic fluid 
samples were obtained by amniocentesis at 15-24 wk gestation 
and were stored, after the cells were separated by centrifugation, 
at -20°C until analysis. D3-IVG was added to the amniotic fluid 
supernatant (1.0-3.0 ml) so that the final concentration was 1 
pg/ml. The sample was largely deproteinized by acidification to 
pH 1.0 with 6 N HCI and saturation with an excess of sodium 
chloride. The sample was centrifuged for 10 min and the clear 
supernatant was transferred to another tube. The sample was 
resaturated with sodium chloride and extracted four times with 
equal aliquots of ethyl acetate. The combined extracts were dried 
over anhydrous sodium sulfate, filtered, and evaporated just to 
dryness under a stream of nitrogen in a 60°C water bath. The 
residue was immediately redissolved in 0.1 ml of methanol and 
0.5 ml of diethyl ether. The sample was methylated by bubbling 
gaseous diazomethane through the solution as described previ- 
ously (14). The volume was reduced to approximately 50 p1 with 
a gentle stream of nitrogen at room temperature. The sample 
was stored in a tightly sealed vial until analysis. Samples were 
stable for several weeks. 

Maternal urine samples, obtained at 15-37 wk gestation pe- 
riod, were prepared in the similar manner, omitting the depro- 
teinization step. One ml of urine was taken for analysis and 
creatinine concentrations were determined calorimetrically ac- 
cording to the method of Taussky (1 5). IVG concentrations were 
reported in the convenient units of ng/ml for amniotic fluids 
and in pg/mg creatinine for urine samples. 

GCIMS. A Finnigan 45 10 GC/MS with a Nova computer was 
used in the chemical ionization (CI), selected ion monitoring 
(SIM) mode. One to 3 p1 of methylated sample was injected onto 
a 1.8 m x 2 mm glass column packed with 5% SE-30 on 80190 
mesh Anakrom K (Analabs, North Haven, CT), with a helium 
flow rate of 25 ml/min. The injection port, separator, transfer 
line, and ion source temperature were kept at 225, 250,280, and 
100" C, respectively. Methane was used as the reagent gas at a 
source pressure of 0.25 torr. The ionizing voltage was 50 eV. 
The column was programmed from 70 to 150" C at 6" C/min 
after an initial isothermal delay of I min. The solvent peak was 
diverted for 2 min at the start of the run. CI spectra were obtained 
by scanning from m/z 100 to m/z 400 at a rate of 2.4 s/cycle. 
In the SIM mode, the protonated molecular ions (MH') at m/z 
174 and m/z 177, for IVG and D3-IVG, respectively, were 
repetitively scanned with a 100 ms dwell time. Peak areas were 
calculated by the computer. 

A standard curve was generated for the ratio of peak area at 
m/z 174 and that at m/z 177 versus the ratio of the amounts of 
IVG/D3-IVG. All such standard samples contained 1 pg/ml of 
D3-IVG and variable amounts of IVG ranging from 0.001 to 
10.000 pg/ml, and were carried through the same work-up 
procedure as the amniotic fluid samples. The synthetic D3-IVG 

contained a small amount (1.09%) of natural IVG. This per- 
centage was determined very accurately, and the observed peak 
area ratios in the sample were adjusted accordingly. The equation 
of the line was obtained by linear regression analysis and the 
amount of IVG in patient samples was calculated from the 
equation. Standard samples were periodically reanalyzed to ver- 
ify the validity of the equation. 

RESULTS 

CI mass spectra of IVG and D3-IVG. Chemical structures of 
IVG and D3-IVG are shown in Figure 1.  The molecular weight 
of the natural IVG as the methyl ester is 173, while that of D3- 
IVG is 176 due to three deuterium atoms at the C-4 position of 
its isovaleryl moiety. The CI mass spectra of IVG and D3-IVG 
are shown in Figure 2. Unlike in electron impact mass spectra 
(3), a relatively small number of large fragments are observed. 
In each case, the protonated molecular ion (MH') is the base 
peak: these are the peaks at m/z 174 and 177 for IVG and D3- 
IVG, respectively. There are several other much smaller but 
significant peaks. Peaks at m/z 142 and 145 are due to loss of a 
methoxy from the carboxymethyl group of each compound. The 
peaks at m/z 202 and 214 in the natural IVG and those at m/z 
205 and 2 17 in D3-IVG represent (M + 29') and (M + 4 1') ions, 
respectively. These ions are due to adducts of the parent molecule 
and hydrocarbons (C2Hs+ or C3Hs+). (M + 29+) and (M + 41') 

.: I D3-lsovalerylglycine Methyl Ester 
0 I I 

m /Z 
Fig. 2. CI mass spectrum of the methyl ester of IVG ( A )  and CI mass 

spectrum of the methyl ester of D,-IVG (B). 
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ions are commonly observed in CI mass spectra using methane 
gas as reactant gas ( 13). 

Selected ion monitoring and construction of standard curve. 
The protonated molecular ions at m/z 174 and 177 were moni- 
tored using GC/MS in the SIM mode to quantitate the natural 
and D3-IVG, respectively. The high intensity of these ions pro- 
vided excellent sensitivity. A standard curve was constructed as 
follows. Standard solutions which contained a fixed amount of 
D3-IVG ( 1 pg/ml) and a variable amount of IVG (0.00 1-10 pg/ 
ml) were prepared and carried through the procedure of extrac- 
tion, derivatization, and GC/MS analysis. The ratio of the peak 
area of the protonated molecular ion of IVG to that of D3-IVG 
was determined. Excellent linearity over a range of three orders 
of magnitude was obtained above 10 ng/ml. The correlation 
factor was 0.9999. The slope was 0.92, slightly less than theoret- 
ical but was consistently observed. Also, the points of 50 ng/ml 
and below slightly shifted upward (slope 1.09). The shift was 

Ratio of Amounts 
IVG (pg 

D3-IVG (pg) 

Fig. 3. Calibration curve for various ratios of IVG and D,-IVG versus 
the observed peak ratios of m/z 174 m/z 177. Details are described in 
the text. 

more prominent at 5 ng/ml. The line intercepted Y axis at 
0.0048. The calibration curve is presented in log-log scale in 
Figure 3, in order to cover a wide range. Five ng/ml IVG could 
be detected. This result indicates that samples with an IVG 
concentration above 10 ng/ml up to at least 10 wg/ml can be 
accurately determined. 

Recovery and precision of the assay. The recovery and preci- 
sion of the analysis was determined using a pooled amniotic 
fluid. Six 3-ml aliquots were used for this experiment. Three of 
them were fortified with 100 ng/ml of the natural IVG. The 
samples were analyzed as described above and the results are 
presented in Table 1. Quantitative recovery with excellent pre- 
cision was obtained. 

Determination of isovalerylglycine concentration in amniotic 
jluid from normal and at-risk pregnancies. IVG concentrations 
in normal amniotic fluids and those from at risk pregnancies are 
listed in Table 2. All amniotic fluids were obtained at 16-24 wk 
of gestation. The results of [I-14C]isovaleric acid MLT assay on 
amniocytes, which measures the ability of cells to oxidize [I-I4C] 
isovaleric acid ( 16), and those of postnatal studies are also listed. 
The amount of IVG in normal amniotic fluid is extremely low. 

IVG (m/z  174) 
A = 59,200 

(m/z  177 )  
D3- IVG ( Ipg /m l )  
A =  3,925,690 

I I \ I 
13.2 14.1 15.0 

Minutes 
Fig. 4. Selected ion monitor chromatograms of a normal amniotic 

Table 1. Recovery o f1  VG from amniotic fluid fluid. Three ml of the amniotic fluid was used for the analysis. Peak 

Amount added Amount detected Recovery No. of areas are shown in the right hand side of the chromatograms. The height 
(ng/ml) (ng/ml) (%) experiments of the highest peak is normalized to 100% (Y axis) by a computer 

3 
program regardless of the actual amount. The amount of the natural or 

0 0 D3-IVG is represented by the peak area number (A) printed out by the 
100 100 & 3* 100 3 computer. The peak area for m/z 177 corresponds to I pg/ml of the 

* Mean k I SD. internal standard D3-IVG. 

Table 2. IVG concentrations in amnioticfluid and MLT activity in amniocytesfrom pregnant women at-risk 
Isovalerylglycine in MLT activity 

amniotic fluid in amniocytes Postnatal 
Cell lines (ng/ml) (nmol/mg proteinlday) study 

Control 0* 14.8 + 5.9 
(1 1)t (6) 

At risk pregnancy 
Case 1 18 9.0 Not affected 
Case 2 957 Deficient$ Affected 
Case 3 556 0.97 Affected 
Case 4 17 10.0 Not affected 
Case 5 18 6.8 Not affected 

*Ten of eleven normal amniotic fluids contained no detectable amount of isovalerylglycine at all. One contained 6 ng/ml. 
t The numbers in parentheses indicate the number of cases tested. 
$ Isovaleryl-CoA dehydrogenase activity in this cell line was approximately 20% of that in normal fibroblasts. Amniocytes were not available for 

MLT (details are in text). 
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DISCUSSION 
IVG ( rn /z  174) 
A = 4,748,190 

(m/z 177) 
D3- IVG ( Ipg / rn l )  
A= 5,965,880 

I I I 
12.3 13.2 14.1 15,O 

Minutes 

Fig. 5.  Selected ion monitor chromatograms of the amniotic fluid 
from a pregnancy carrying a fetus affected by isovaleric acidemia (case 
2). Three ml of the amniotic fluid was used for the analysis. Peak areas 
are shown in the right hund side of the chromatograms. The height of 
the highest peak is normalized to 100% (Y axis) by a computer program 
regardless of the actual amount. The amount of the natural or D3-IVG 
is represented by the peak area number ( A )  printed out by the computer. 
The peak area for m/z 177 corresponds to I fig/ml of the internal 
standard D3-IVG. 

Ten of 1 1 normal amniotic fluids contained no measurable IVG, 
and the other contained only 6 ng/ml IVG. In contrast, amniotic 
fluids from cases 2 and 3 contained huge amounts, 957 and 556 
ng/ml, respectively, of IVG. SIM chromatogram of a normal 
and that of an affected case (case 2) are shown in Figures 4 and 
5, respectively. MLT activity in amniocytes from case 3 was only 
6.5% of the mean of the activity from control amniocytes. 
Amniocytes from case 2 were not available for MLT assay, but 
isovaleryl-CoA dehydrogenase activity was approximately 20% 
of the mean of the activity from control fibroblasts (17). IVG 
concentrations in amniotic fluids from three other at-risk preg- 
nancies (cases 1,  4, and 5) were much smaller, ranging 17-1 8 
ng/ml. MLT activities in cases 1, 4, and 5 ranged from low 
normal to approximately 50% of mean of controls. Thus, the 
results of amniotic fluid IVG concentration, determined by the 
present method, were concordant with those of MLT or isoval- 
eryl-CoA dehydrogenase assay, indicating that cases 2 and 3 were 
each carrying an affected fetus whereas those of cases 1, 4, and 5 
were not affected. These results were later confirmed by postnatal 
studies in all cases. 

Determination of' urinary isovalerylglycine excretion. The 
mean of the isovalerylglycine concentrations in urines from three 
normal pregnant women at 16-24 wk was 1.7 + 0.7 pg/mg 
creatinine. We measured IVG in urines from two at-risk preg- 
nancies, each carrying an unaffected fetus. Urines were collected 
during the 14- 16th wk of pregnancy in one case (case 6) and in 
the last 3 months of pregnancy in the other (case 7). That cases 
6 and 7 were unaffected was confirmed by postnatal studies. The 
mean of the three urines from case 6 was 1.7 t 0.3 ccg/mg 
creatinine. Six urines from case 7 collected in the 16-30th wk of 
pregnancy ranged from 5.7 to 9.3 with a single high value of 15.1 
pg/mg of creatinine (21st wk). We also analyzed urines from two 
at-risk pregnancies carrying an affected fetus. The IVG concen- 
tration from case 2 at the 16th wk of gestation was 17.5 pg/mg 
creatinine. Three urines collected from case 3 in the 35-37th wk 
of pregnancy were 23.2, 37. I ,  and 43.7 pg/mg creatinine in the 
chronological order. 

Prenatal diagnostic methods, based either on the metabolite 
determination in amniotic fluid or on in vitro assays using 
amniocytes, have been reported for a number of metabolic 
disorders (18). This report describes the first successful prenatal 
diagnosis of isovaleric acidemia. This was accomplished mainly 
using the stable isotope dilution analysis of isovalerylglycine. We 
also utilized the in vitro assays using amniocytes to verify the 
accuracy of the diagnosis established using the stable isotope 
dilution analysis. 

Metabolite analysis in amniotic fluid, mainly using GC or GC/ 
MS alone had been reported in occasional cases for numerous 
disorders. However, the reliability of GC or GC/MS analysis in 
general use for prenatal diagnosis has not been convincingly 
established for many disorders. Accurate quantitation of metab- 
olites in normal amniotic fluid by GC or GC/MS alone is difficult 
due to the extremely small amount of metabolites. Even the 
increased amounts of metabolites accumulating in amniotic 
fluids in affected pregnancies are very small from the standpoint 
of ordinary analytical chemistry. The GC or GS/MS analysis of 
a minute amount of compound is not quantitative nor repro- 
ducible below certain levels due to adsorption to the internal 
surfaces of glassware, chromatographic columns, and connecting 
tubings used in the procedure. For example, isovalerylglycine 
could not be detected at all in the amniotic fluid from case 2 by 
a regular GC/MS-SIM method without the labeled standard. For 
these reasons, a more reliable method of analysis was desirable 
for the purpose of prenatal diagnosis. Until recently, in vitro 
assays using amniocytes were regarded more reliable. However, 
the application of stable isotope dilution analysis for the deter- 
mination of metabolites in amniotic fluid has overcome the 
shortcomings. An analog labeled with stable isotope, as analyzed 
using GC/MS in the SIM mode, serves as a carrier as well as an 
internal standard, preventing and circumventing the inaccuracy 
due to the loss of the compound being analyzed. This method 
provides extremely high sensitivity and excellent precision and 
reproducibility in the very low range which could not be achieved 
by GC or GC/MS alone. In addition, this method is fast, taking 
only several hours as shown here and elsewhere (1 3). This is in 
contrast to the in vitro assay using amniocytes which requires 
several weeks to obtain a sufficient amount of cells by culture 
for the assay. The stable isotope dilution method has now been 
applied to the prenatal diagnosis of several inborn metabolic 
disorders, including methylmalonic acidemia (1 3, 19, 20), pro- 
pionic acidemia (2 l), and galactosemia (22), and its accuracy has 
been confirmed. 

We have shown here that the isotope dilution analysis of IVG 
in amniotic fluid using D31VG was highly sensitive and extremely 
accurate. As determined by this method, ten of eleven normal 
amniotic fluids did not contain any detectable amount of IVC. 
One of them contained 6 ng/ml of IVG. In contrast, amniotic 
fluids from three at-risk pregnancies, each carrying an unaffected 
fetus, consistently contained a small amount (17-1 8 ng/ml) of 
IVG, segregating them from normal controls. However, further 
study is necessary to determine whether this difference between 
unaffected at-risk pregnancies and normal pregnancies is repro- 
ducible or not. The amniotic fluids from two at-risk pregnancies, 
each carrying an affected fetus, contained a huge amount of 
IVG, which was 30-60 times greater than the level found in the 
unaffected cases. Thus, the two groups of at-risk pregnancies 
were clearly segregated and there was no ambiguity in the diag- 
nosis. The diagnoses made by this method were later confirmed, 
with perfect concordance in all five cases by in vitro studies and 
by postnatal investigation. 

In regard to the absence of IVG in normal amniotic fluid, it is 
interesting to note that in rats and rabbits, glycine N-acylase, 
which is responsible for the biosynthesis of IVG, is absent in the 
early stage of fetal life, and it develops only in the perinatal 
period. The developmental aspects of this enzyme in humans 
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has not been studied. It is not known whether it is present or 
absent in a normal human fetus. However, the large amounts of 
IVG detected in the amniotic fluids from the two affected preg- 
nancies clearly indicate that glycine N-acylase is present in these 
fetuses. If this enzyme is absent in normal human fetuses, then 
we have to assume that glycine N-acylase was induced by high 
concentrations of isovaleryl-CoA in the affected fetuses. 

The urinary IVG concentrations in an affected pregnancy (case 
1) measured at the 16th wk of gestation was ten times the normal 
level. The IVG concentrations from the other affected pregnancy 
(case 2) were increasingly elevated 15-25 times normal towards 
the end of pregnancy. Thus, it appears that pregnant women 
carrying affected fetuses excrete increased amounts of IVG. 
However, increased urinary excretion of IVG in a range of three 
to nine times normal was also observed in an at-risk pregnancy 
with an unaffected fetus at the 16 to 30th wk of pregnancy, while 
perfectly normal values were observed in the other. Therefore, 
the analysis of IVG in amniotic fluid is a more accurate diag- 
nostic method than the analysis of urinary IVG. 

Our technical experience in devising the present method war- 
rants some comments. Although stable isotope dilution analysis 
provides high sensitivity and precision in general, the labeled 
internal standard must be carefully selected. Internal standards 
with labile labels must be avoided. In general, in compounds 
with a carboxyl group(s), deuterium at the a-position is labile, 
and compounds with deuterium at the a-positions are not ade- 
quate as an internal standard. In the early stages of the present 
study, we synthesized isovaleryl[2,2-D2]glycine as an internal 
standard. However, these deuterium atoms were partially ex- 
changed with hydrogens in the media in the synthesis as well as 
during the extraction/derivatization procedure in its use as an 
internal standard. The labels in this compound were labile be- 
cause they were located at the a-position in the glycine moiety. 
As a result, the sensitivity and precision were relatively low when 
isovaleryl[2,2-DJglycine was used an an internal standard. In 
contrast, the labels in D3-IVG, utilized in the present study, were 
stable and thus provided the extremely high sensitivity and 
excellent precision. 
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