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Analysis of fetal and neonatal urine using proton
nuclear magnetic resonance spectroscopy
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Abstract
Aim-To use high field proton nuclear
magnetic resonance spectroscopy (1H
NMR) to characterise the low molecular
weight metabolite composition ofneonatal
and fetal urine in relation to gestational
age and perinatal outcome.
Methods-The first urine passed by two
neonatal groups, six full term and five
preterm infants with normal renal func-
tion, was analysed by 1H NMR and com-
pared with fetal urine from 14 cases with
obstructive uropathy.
Results-The mean ratios of taurine,
myo-inositol, and trimethylamine-N-
oxide (TMAO) to creatinine were 4*3,
101, and 14*1 times higher, respectively,
in the preterm group when compared with
those of the full term group. Fetal
obstructive uropathy was characterised by
glycosuria, amino and organic aciduria,
regardless ofgestational age (13-30 weeks).
Conclusions-Samples of the first urine
passed - that is, urine produced in fetal life
- by normal preterm infants are useful
controls for cases of obstructive uropathy
detected in the third timester. 1HNMR will
become a clinically useful tool for monitor-
ing renal development and abnormalities
in utero.
(Arch Dis Child 1995; 73: F153-F157)
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The study of fetal renal development has major
implications for understanding the aetiology of
renal disorders in later life.1 The stages of
development ofnormal renal function - that is,
glomerular filtration and tubular reabsorption
and secretion - remain poorly defined.
Furthermore, there is little biochemical infor-
mation relating to renal functional impairment
associated with fetal obstructive uropathies.24
The lack of information on the time related
changes of endogenous low molecular weight
metabolites (such as amino acids, organic
acids, amines and sugars) in human fetal urine
is a reflection ofboth the limitations ofthe con-
ventional analytical techniques used and the
difficulty in obtaining normal urine in utero.

1H NMR provides extensive information on
both the structure and composition of low
molecular weight metabolites in biological
fluids and is a powerful, non-invasive, tech-
nique for exploring abnormal metabolic and
toxicological processes.5 6 Human biofluids
give characteristic 1H NMR 'fingerprints' of
metabolites that are affected by the basic

mechanism, severity, and location of a patho-
logical lesion.5-'3 An important advantage of
'H NMR in the exploration of abnormal bio-
chemistry is that metabolite pre-selection is not
required, thereby eliminating a priori judg-
ments by the investigator. Measurement time
is short, less than 10 minutes for a standard
one dimensional 'H NMR experiment. Small
sample volumes (-0 5 ml) can be used; this is
an important pre-requisite for fetal and neo-
natal monitoring, and the unaltered sample
can be further investigated by conventional
methods. As such, 'H NMR analysis of body
fluids (including urine, blood plasma, and
cerebrospinal fluid) has become of value in the
clinical diagnosis and monitoring of inherited
metabolic diseases,'1-13 and the study of the
biochemical environment of the fetus.'4 15

In this preliminary study we used high field
'H NMR spectroscopy to analyse neonatal and
fetal urine, with the aim of generating new bio-
chemical information on renal function in rela-
tion to gestational age and perinatal outcome.

Methods
Two groups of control neonatal urine samples
were obtained: six full term healthy infants
delivered by elective caesarean section (gesta-
tional age 38 weeks) and five healthy preterm
infants (gestational age 25-36 weeks). To
eliminate nutritional or xenobiotic influences
on urinary biochemical composition, urine
samples were collected into specimen bags
shortly after birth and before oral or parenteral
feeding or administration of any drugs. Fetal
urine was collected by ultrasound guided
transabdominal aspiration of the bladder from
14 cases of obstructive uropathy (gestational
age 13-30 weeks). The birth outcome of the
obstructive uropathy group was classified as
follows: group 1, stillbirth or termination of
pregnancy because of poor prognosis (seven
fetuses, gestational age 13-22 weeks); group 2,
neonatal death with renal dysplasia on post-
mortem examination (two fetuses, gestational
age 21 and 26 weeks); and group 3, alive with
renal damage (five fetuses, gestational age
25-30 weeks). The study had local research
ethics committee approval.

All urine samples were stored frozen at
-20°C after collection. Before NMR analysis,
the urines were thawed at room temperature
and centrifuged at 3000 rpm for 10 minutes to
remove any particulate matter. For each
sample, 750 [lI was lyophilised and reconsti-
tuted in 750 ,ul of deuterium oxide (D20)
containing 0 5 mM sodium-3-trimethylsilyl-
[2,2,3,3-2H4]-1-propionate (TSP), which acted
as chemical shift reference (8 0-0) and internal
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standard for quantitation, and placed in a
5 mm NMR tube. Single pulse 'H NMR
measurements were made on a JEOL GSX500
spectrometer operating at 500 14 MHz 'H
frequency at ambient probe temperature.

Typically, 64 free induction decays were
collected into 32 768 computer points using
400 pulses and a spectral width of 6000 Hz.
The data acquisition time per free induction
decay was 2-73 seconds and a further delay of
2-27 seconds was added between the pulses to
allow full T1 relaxation of metabolite protons.
The residual water signal was suppressed by
application of a gated secondary irradiation
field (off during acquisition) at the water reso-
nance frequency. Before Fourier transforma-
tion, an exponential apodisation function was
applied to the free induction decay corres-
ponding to a line broadening of 04 Hz.
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Figure 1 Partial 500 MHz single pulse 'HNMR spectrum of urine collected shortly after
birth from: (A) a normalfull term infant, 38 weeks' gestation and, inset, the expanded
(x2 vertical height) chemical shift region 8 2*50-2*8O of the same spectrum to show the
broadened resonances of citrate complexed with Ca2+, Mg2+ ions; (B) a normal pre-term
infant, 33 weeks'gestation, chemical shift region 8 3*0-4*2. DMA, dimethylamine,
DMG, dimethylglycine, NAC, N-acetyls ofglycoproteins, TMAO, trimethylamine-N-
oxide.

Assignment of resonances was made by con-
sideration of chemical shift values relative to
TSP, spin-spin coupling patterns, and the pH
dependence of chemical shifts, as published
before.6-10 All spectra were scaled to the same
signal to noise ratio so that resonance intensi-
ties were directly comparable between urine
samples. Quantitation of selected metabolite
resonances was by peak height measurement
relative to that ofTSP and consideration of the
number ofprotons contributing to the signals.6

Results
There were many similarities between the 'H
NMR profiles of the pre- and full term urines.
The aliphatic region (8 0-5-4 5) of the 500
MHz IH NMR spectrum of urine collected
from a full term infant (gestational age 38
weeks) is shown in fig IA and is representative
of both neonatal groups. Sharp signals from
creatinine, TMAO, betaine, taurine, succinate,
dimethylglycine (DMG) and dimethylamine
(DMA) were observed (fig 1A). We have pre-
viously assigned some of the singlet resonances
in the 8 2-0-2d1 region of the 'H NMR spec-
trum to those of the N-acetyl protons of mobile
glycan side-chains of glycoprotein fragments
(such as N-acetylneuraminic acid). Broad
citrate resonances were observed in the 'H
NMR spectra of all neonatal urines (fig 1A;
inset). Addition of the metal chelating agent
trisodium EDTA to a representative urine
sample produced a sharpening of the citrate
resonances and the appearance of signals for
Ca-EDTA2- and Mg-EDTA2- (data not
shown). This indicated that the citrate broad-
ening was mainly caused by complexation with
Ca2+ and Mg2+ in the urine, involving chemi-
cal exchange ofthe metal ions with citrate at an
intermediate rate on the NMR timescale.6
The notable differences between the 'H

NMR detected metabolite profiles of urine
from pre- and full term infants are identified in
fig 1B, which shows the spectral region 8 3 0 to
8 4-2 of the 'H NMR spectrum of urine from a
pre-term infant (gestational age 33 weeks). The
large resonance of the N-CH3 group ofTMAO
at 8 3-27 was overlapped with that of betaine at
physiological pH. Acidification of the sample
resulted in a characteristic shift to high fre-
quency of the signal supporting the assignment
to that ofTMAO.16 Betaine also gives a singlet
for the N-CH2 protons at 8 3-91 which was
chosen for metabolite quantitation because of
minimal peak overlap with other species.
Quantitative analysis of the 'H NMR data
showed that the excretion profiles of taurine,
myo-inositol, and TMAO were higher in the
pre-term group than the full term group (table
1). For comparison, the corresponding ratio
for betaine is also given.
The 'H NMR spectra of urine from the

group with fetal obstructive uropathy were
significantly different from those of the two
control neonatal groups. The partial 500 MHz
'H NMR spectra of urine collected from one
fetus in group 3 (30 weeks' gestation) and one
fetus in group 1 (18 weeks' gestation) are
shown in figs 2A and B, respectively. In

 on M
ay 18, 2023 by guest. P

rotected by copyright.
http://fn.bm

j.com
/

A
rch D

is C
hild F

etal N
eonatal E

d: first published as 10.1136/fn.73.3.F
153 on 1 N

ovem
ber 1995. D

ow
nloaded from

 

http://fn.bmj.com/


Analysis offetal and neonatal uine F155

Table 1 Uinary betaine, taunine, myo-inositol and TMAO, expressed as the molar ratio
to urine creatinine concentration for preterm andfull term neonates, as measured by IH
NMR spectroscopy

Metabolite: creatinine ratios

Neonate group Betaine Taurine myo-inositol TMAO¶

Pre-term (n=5) 0-29 (0-06)* 1-04 (0 05)t 1-31 (0-34)t 0-42 (0-08)t
Full-term (n=6) 0-32 (0-03) 0-24 (0-07) 0-13 (0 04) 0-03 (0-004)

Values represent mean ratios (1 standard error). Significance calculated using Student's
unpaired t test: *=no significant difference, t=P<0-001, t=P<0005, when compared to full
term group.
¶Corrected TMAO value, taking into consideration overlap of the signal with that of the betaine
N-CH2 singlet at 83-27, and calculated by subtraction of the betaine concentration calculated by
measurement of the betaine N-CH2 signal intensity at 8 3-91.

general, the 'H NMR profiles of fetal urine
were characterised by strong signals from
glucose, amino acids, and organic acids. In
contrast to all neonatal urines (fig 1), creati-
nine excretion was low, in relation to the other
urinary metabolites, and the citrate resonances
were sharper and seemed to be increased, indi-
cating that the citrate was predominantly in the
'free' form - that is, in considerable excess over
the divalent cation (Ca2+, Mg2+) concentra-
tions. High glucose concentrations were
observed in all of the fetal urines analysed.
Glycosuria was detected only in the urine of
one preterm infant (25 weeks' gestation) and
one full term infant (38 weeks' gestation). The
8 3 0 to 8 4-0 region of the standard one
dimensional 1H NMR spectra of fetal urine
was particularly complex. Detailed assignment
of this spectral region was difficult because of
extensive overlap of signals from glucose
(present at high concentrations) and those

from other sugars, polyols (including myo-
inositol) and amino acids (oc-CH resonances)
which were present in lower concentrations. As
a result, quantitation of taurine, myo-inositol,
and TMAO for comparison with the neonatal
groups would have been unreliable and was
not performed. A summary of the low
molecular weight metabolites, including
chemical shift data, which give rise to the
characteristic IH NMR profiles of the fetal and
neonatal urines, are shown in table 2.

Discussion
One aim of the study was to characterise the
'HNMR urinary metabolite profiles in relation
to gestational age. The 'H NMR metabolite
profiles of the two groups of preterm and full
term neonatal urine were very similar in many
respects (fig 1A). In humans nephrogenesis is
complete by 34 weeks' gestation when the
population of nephrons has reached its maxi-
mum.2 Postnatal renal maturation is essentially
functional. The higher urinary excretion of cre-
atinine and low excretion of glucose, amino,
and organic acids observed in the 'H NMR
spectra of neonatal urine indicates maturation
of glomerular filtration and tubular function.
The urinary excretion of betaine was similar
between the two neonatal groups studied, our
ratios being comparable with those reported
before.17 Urinary betaine increases in con-
centration during the neonatal period
and is related to the metabolism of dietary
choline.'7 18 The broadened signals from

A

TMAO
Lactate

Lysine

Succinate Lysine

B Citrate
qli' ~~~Alanine

Lactate ~~Creatinine
Lactatee Creatine NAG Lysine+ 3-D-hydroxybutyrate

polyols 3-D-hydroxybutyrate A

4.5 40 3.5 3.0 2.5 2.0 1.5 1.0 0.5

6 1H

Figure 2 Partial 500MHz single pulse 'HNMR spectra of urine obtained by needle aspiration of the fetal bladderfrom two
cases of obstructive uropathy: (A) urine collected at 30 weeks'gestation from a fetus in group 3 and (B) urine collected at 18
weeks'gestation from a fetus in group 1.
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Table 2 IHNMR spectral data ofmajor metabolites detected in neonatal urine andfetal
urine from cases of obstructive uropathy

Group Metabolite 8 ppm* and (multiplicityt)

FOU Valine 0-99 (d) 1-04 (d)
FOU P-D-OHbutyrate 1-20 (d) 2-31 (dd) 2-41 (dd) 4-16 (m)
FOU Lactate 1-33 (d) 4-12 (q)
FOU Alanine 1-48 (d) 3-76 (q)
FOU Lysine 1-48 (m) 1-73 (m) 1-91 (m) 3 03 (t)
FOU Arginine 1-73 (m) 1-93 (m) 3-25 (t)
FOU Acetate 1-91 (s)
FOU/PT/FT N-ACt 2-02 (s) 2-05 (s)
FOU Glutamine 2-14 (m) 2-46 (m) 3-77 (t)
FOU/PT/FT Succinate 2-41 (s)
FOU/PT/FT Citratejf 2-55 (Aa) 2-67 (AB)
PT/FT Dimethylamine 2-72 (s)
PT/FT Dimethylglycine 2-89 (s)
FOU/PT/FT Creatinine 3 05 (s) 4-06 (s)
FOU Creatine 3 04 (s) 3-93 (s)
PT Taurine** 3-25 (t) 3-34 (t)
PT TMAO** 3-27 (s)
PT/FT Betaine** 3-27 (s) 3-91 (s)
PT myo-inositol** 3-28 (t) 3-53 (dd) 3-63 (dd) 4-06 (m)
FOU a-Glucose 3-42 (t) 3-54 (dd) 3-71 (t) 3-74 (m)

a-Glucose 3-83 (ddd) 3-84 (m) 5-23 (d)
FOU ,B-Glucose 3-24 (dd) 3 40 (t) 3-47 (ddd) 3-48 (t)

3-Glucose 3 90 (dd) 4-64 (d)

FOU, fetus with obstructive uropathy; PT, preterm infant; FT, full term infant; TMAO,
trimethylamine-N-oxide.
Data shown indicate the urinary metabolites that dominate, or are particularly prominent, in the
one dimensional 500 MHz 'H NMR spectra of fetal and neonatal urine.
*Chemical shift of signal or centre of multiplet; tindicates form of peak and spin-spin coupling
multiplicity; s, singlet; d, doublet; dd, doublet of doublets; t, triplet; q, quartet; m, multiplet;
AB, non-equivalent two spin system, underlining indicates the relevant part of the spin system.
tN-acetyl protons from various glycan moeities of N-acetylated glycoproteins. itExact chemical
shift and linewidth of signals varies according to pH and the concentration of Ca'+ and Mg'+.
**Indicates signals that can only be observed in standard one dimensional 'H NMR spectra in
the absence of strong glucose signals.

urinary citrate, as observed in the normal
neonates, is dependent on the ratio of citrate
to metal ion (Ca2+, Mg2+) concentration.
Previous studies have shown that urinary Ca2+
does not change significantly with gestational
age but that raised Ca2+ concentrations are
associated with poor prognosis.2 Our observa-
tions that citrate was predominantly in the
'free' form in the fetal urines suggests that cit-
rate concentrations are also increased, and in
excess over those of the divalent metal ions, in
cases of obstructive uropathy. These observa-
tions show that 1HNMR can monitor dynamic
interactions of metabolites in biological fluids,
including chemical exchange phenomena and
metal complexation reactions, and provide
important, and hitherto unavailable, biochem-
ical information on the developing kidney.
The 'H NMR spectra of urine from pre-

term normal infants showed higher urinary
concentration of taurine, myo-inositol, and
TMAO with respect to creatinine than the full
term urines (table 1). Those compounds,
among their other functions, act as osmolytes
and are present in high concentrations in the
mammalian renal inner medulla. 19-21 The
intracellular accumulation of osmolytes pro-
tect medullary cells against the protein dena-
turing effect of their hyperosmolar external
environment. The inner medullary content of
myo-inositol and taurine is increased during
antidiuresis and decreases during diuresis.20 22
Urinary concentrations of TMAO are
increased in patients with renal allograft dys-
function, and it has been suggested that
TMAO may be a marker of renal medullary
damage.8 23 The results of this study lead to
the hypothesis that urinary taurine, myc-
inositol, and TMAO are novel biochemical
markers of medullary function in the human
fetal kidney. Given that the excretion of these

compounds was related to gestational age, we
suggest that preterm infants would serve as
useful controls for the evaluation of the later
stages of normal fetal renal development. We
emphasise, however, that it is the first urine
passed - that is, urine produced during fetal
life - that carries this important biochemical
information and once feeding has been
initiated the osmolyte composition changes
accordingly.

Fetal obstructive uropathy is characterised
by both functional and pathological changes
caused by obstruction to the flow of urine and
is associated with poor perinatal outcome.2-4
The assessment of renal function in utero is
vital to determine prognosis and initiate appro-
priate treatment. The biochemical monitoring
of fetal renal dysfunction is currently limited to
the measurement of urine osmolality and
electrolytes, including sodium and Ca2+, but
interpretation of the results is controversial.2A
The monitoring of obstructive uropathy in
utero is, however, dependent on an under-
standing of normal fetal renal physiology in
relation to gestational age. Due to the limited
availability of normal fetal urine, the matura-
tion of the fetal nephron and its function has
largely been determined from changes in the
volume and biochemistry of amniotic fluid.
These are dependent on fetal micturition from
20 weeks of gestation.2 We have previously
shown that the 'H NMR spectra of amniotic
fluid do not reflect closely the biochemical
composition of fetal urine in cases of fetal
obstructive uropathy.24 More recently, 400
MHz 'H NMR studies of fetal urine indicated
that urinary alanine, threonine, and valine may
be useful markers for the prediction of post-
natal renal dysfunction in fetuses with bilateral
uropathy.25 The observations were made
retrospectively and based on good or bad renal
outcome of fetuses at 1 year of life. Metabolic
changes as a result of gestational age, and com-
parison with normal fetal renal function, were
not primary considerations.

In the present study the 'H NMR spectra of
fetal urines from cases of obstructive uropathy
were significantly different from those
obtained for neonatal urines. Glycosuria,
amino-aciduria (including raised alanine, and
valine) and organic-aciduria were consistently
observed in the obstructive uropathy group (fig
2). Whether these changes were related to the
earlier gestational ages of the fetal group, and
hence failure of solute reabsorption and secre-
tion due to renal immaturity, rather than to
renal damage is uncertain. Thus classification
of birth outcome on the basis of the fetal
urinary metabolic profiles would have been
inappropriate in this study. However, the fetal
urine obtained at 30 weeks' gestation (fig 2A)
was significantly different in terms of glucose
and amino acid composition from the preterm
urines of similar gestational age. These obser-
vations confirm that samples of the first urine
passed by normal preterm infants are useful
controls for cases of obstructive uropathy
detected in the third trimester.
1H NMR spectroscopy provides a range of

biochemical information that is not available
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with any other single analytical technique.
Used in parallel with conventional clinical
chemistry and histopathology 1H NMR analy-
sis ofbody fluids (such as urine, blood plasma,
and cerebrospinal fluid) will increase our
understanding of the biochemical basis of a
wide range of disease processes. The close
collaboration between clinicians and basic
NMR scientists will lead, ultimately, to the
widespread use of 'H NMR in the clinical
research laboratory. In this study we have
shown that high field 1H NMR based urinaly-
sis studies are highly appropriate to the investi-
gation of renal development in utero and in the
assessment of fetal renal abnormalities and,
as such, will become an important clinical
diagnostic tool in the future.
We thank Dr J Kingdom, University College Obstetric
Hospital, London, for valuable discussion, the ULIRS
Biomedical 500 MHz NMR service, and the St Peter's
Research Trust and Siebe plc for financial support.
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