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ABSTRACT: Little is known about the metabolic turnover and
excretion of vitamin K in healthy newborn infants and the metabolic
consequences of prophylactic regimens designed to protect against
vitamin K deficiency bleeding (VKDB). We measured the excretion
of two urinary metabolites (=24 h) of vitamin K (5C- and 7C-
aglycones) in term infants before (n = 11) and after (n = 5) a 1000
g i.m. dose of vitamin K, (K,) and in preterm infants after 200 ug
im. (n = 4), 500 pgim. (n = 4), or 200 ug i.v. (n = 5). In preterm
infants, we also measured serum K,, vitamin K, 2,3-epoxide, and
PIVKA-II at 5 d postpartum. Before prophylaxis, the rate of 5C- and
7C-aglycone excretion was 25 times lower than adults, reflecting low
vitamin K stores at birth. After prophylaxis, the excretion rate
correlated to K, dose (r = 0.6) but was two orders of magnitude
lower than that in adults, probably reflecting the immaturity of
neonatal catabolism. All term and 10 of 13 preterm infants mainly
excreted 5C-aglycone. We present evidence that increased excretion
of the 7C-aglycone was associated with metabolic overload because
of the exposure to high-tissue K, concentrations. Measurement of the
5C- and 7C-aglycones may facilitate longitudinal studies of vitamin
K status in neonates and aid the development of improved prophy-
lactic regimens. (Pediatr Res 68: 508-512, 2010)

he major naturally occurring K vitamins are the plant

form vitamin K, (abbreviated K,) and the multiple forms
of vitamins K, (abbreviated K,), mainly of bacterial origin.
Under the [IUPAC nomenclature, vitamin K, is called phyllo-
quinone and vitamins K, are called menaquinones. Vitamin K
is a cofactor for the posttranslational modification of specific
peptide-bound glutamate (Glu) residues to y-carboxygluta-
mate (Gla) within vitamin K-dependent proteins of which the
procoagulant factors II, VII, IX, and X are essential for the
maintenance of hemostasis (1).

During the first 6 mo of life, breast-fed infants have an
increased susceptibility of developing vitamin K deficiency.
Reasons for this are multifactorial, but prime physiologic
factors are an inefficient placental transport of vitamin K
antenatally (2) and low concentrations of K; in human milk
(3) leading to daily intakes in breast-fed neonates of the order
of 1-2 ug/d compared with 80-120 ug/d in adults (4).
Neonatal concentrations of the hepatic enzymes vy-glutamyl
carboxylase (GGCX) and vitamin K, 2,3-epoxide reductase
(VKOR) may also be suboptimal (5), thus preventing efficient
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recycling of vitamin K (6). This premise is supported by the
known immaturity of other hepatic enzyme systems in this
population (7). In some infants, a nutritional lack of vitamin
K, sometimes combined with pathological factors, results in a
potentially life-threatening bleeding disorder known as vita-
min K deficiency bleeding (VKDB) (8). Therefore, many
countries protect against VKDB by routinely supplementing
all infants with vitamin K after delivery.

There is presently no consensus on optimal regimens for
vitamin K prophylaxis against VKDB (9,10). In particular,
preterm infants are potentially exposed to high tissue concen-
trations of vitamin K through the adoption of prophylaxis
regimens initially intended for term infants and from addition
of excessive vitamin K to parenteral nutrition feeds (11-13).
The reported association between i.m. injection of vitamin K
at birth and childhood cancer (14) has now largely been
refuted (15); however, the suprapharmacological vitamin K
levels that follow excessive prophylaxis may conceivably
have adverse consequences, as yet unrecognized.

Traditional coagulation tests for assessing vitamin K status
are both nonspecific and insensitive, whereas reference ranges
in neonates are poorly defined (8,16). More discriminating
tests include measurements of circulating K, and undercar-
boxylated species of Gla proteins, collectively called proteins
induced by vitamin K absence (PIVKA), that are released into
the bloodstream from their site of synthesis in early stages of
vitamin K insufficiency. In this study, for the preterm cohort
only, the sensitive functional marker undercarboxylated factor
II (PIVKA-II) had been measured at birth (cord blood) and at
5 d after vitamin K prophylaxis. Measurements of serum K,
(and its epoxide metabolite, K,;O) had also been made in the
preterm cohort at 5 d.

The catabolism of K, MK-4, and the K, series leads in each
case to the excretion of identical metabolites via the urine and
bile (17,18). An assay for the determination of the major
urinary metabolites of vitamin K has been developed (18) and
used to demonstrate that excretion of the 2-methyl-3-(5'-

Abbreviations: 5C-aglycone, 2-methyl-3-(3'-3’-carboxymethylpropyl)-1,4-
naphthoquinone; 7C-aglycone, 2-methyl-3-(5'-carboxy-3'-methyl-2’-pentenyl)-
1,4-naphthoquinone metabolite; Gla, y-carboxyglutamate residues; K, vitamin
K, or phytomenadione; KO, vitamin K, 2,3-epoxide; K,, menaquinones;
PIVKA-II, undercarboxylated factor II; VKOR, vitamin K, 2,3-epoxide
reductase; VKDB, vitamin K deficiency bleeding
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carboxy-3'-methyl-2'-pentenyl)-1,4-naphthoquinone metabo-
lite (7C-aglycone) and the 2-methyl-3-(3’-3'-carboxymethyl-
propyl)- 1,4-naphthoquinone metabolite (5C-aglycone) reflects
dietary vitamin K intake in healthy adults (19). This study
aimed i) to determine whether newborn infants metabolize
vitamin K by the same pathway as adults and ii) to assess the
extent of this excretion before and after vitamin K prophy-
laxis. In this second part, we could also relate urinary metab-
olite excretion to prophylactic dose and, in preterms, to serum
concentrations of K; and K,;O and to the functional hepatic
marker of vitamin K status, PIVKA-II. The K, and K,O
measurements are relevant to interpretation of both the rate of
metabolism of vitamin K and to hepatic recycling, whereas
PIVKA-II measurements are relevant because they reflect the
vitamin K status of the liver, where both vitamin K-dependent
proteins and the urinary metabolites are synthesized.

METHODS

Subjects. All infants were recruited at Hope Hospital, Salford, United
Kingdom. Written informed parental consent was obtained before enroll-
ment, and the study was approved by North Manchester Research Ethics
Committee.

Term infant recruitment and specimen collection. Women admitted to
hospital in early labor at term (=37 wk gestation) were approached for
consent for the study between March and July 2003. Eligible infants were
born to parents who agreed to their infant receiving the standard recom-
mended prophylactic K1 regimen of 1 mg by i.m. injection of Konakion
Neonatal® (Roche, Basel, Switzerland), a Cremophor-based synthetic K1
preparation, but delayed for up to 24 h after delivery to enable urine to be
collected before prophylaxis. Infants were excluded from participation if there
had been maternal treatment during pregnancy with certain anticonvulsants
(carbamazepine, phenytoin, or phenobarbital), cephalosporin antibiotics, or
warfarin. These drugs antagonize vitamin K and may cause early onset
neonatal VKDB (<24 h of age). Other exclusion criteria were marked
bruising at birth, major congenital abnormality, maternal antiplatelet antibod-
ies, history of alloimmune thrombocytopenia, and antenatally diagnosed
intracranial hemorrhage.

A sterile neonatal urine bag (U-Bag; Hollister Inc., Libertyville, IL) was
attached to each infant within 15 min of delivery. Routine prophylactic
vitamin K, administration was delayed until a first urine sample had been
collected. When no urine was obtained during the first postnatal day, vitamin
K was given at 24 h of age. We aimed to collect all urine voided during the
24-h period after vitamin K prophylaxis and to obtain further spot urine
samples on all subsequent days that the neonate remained in hospital. Samples
were protected from light and stored at —40°C and then periodically couriered
on dry ice to St. Thomas’ Hospital for analysis. We anticipated that urine
samples would be successfully obtained from half of the enrolled infants and
determined a priori to enroll a pragmatic study sample size of 50 term infants.

Preterm infant recruitment and specimen collection. Preterm infants
were eligible to participate in this study if admitted to the Neonatal Intensive
Care Unit at Hope Hospital between December 2002 and October 2003 after
delivery at <32 wk gestation. They comprised a subgroup of infants enrolled
into a clinical trial comparing vitamin K status of preterm infants after three
regimens of prophylaxis (20). The same exclusion criteria applied as for the
term infants. Infants were randomly allocated to receive one of the following
doses of Konakion Neonatal vitamin K;: 200 pg i.m., 500 pg i.m., or 200 pg
i.v. Because preterm infants are potentially at increased risk of VKDB
(13,20), vitamin K prophylaxis was not delayed. We aimed to collect all urine
voided in the first week of life, but at least for 48 h after vitamin K,
administration. Attendant neonatal nursing staff collected the urine samples
using either sterile preterm-sized urine bags (U-Bag Premie; Hollister Inc.,
Libertyville, IL) or via sterile cotton wool pads placed in the infant’s diaper.
To minimize evaporative losses, infants were nursed in incubators with high
humidity during the first few days of life (21).

To compare with previous studies (11,12), serum K, levels were deter-
mined in the preterm infants on d 5 postpartum. Peripheral venous blood (2
mL) was collected in plain tubes at 5 d of age. Samples were centrifuged and
sera separated. All samples were protected from light, frozen, and stored at
—40°C until transportation on dry ice to St. Thomas’ Hospital for analysis.

Assessment of vitamin K status. The urinary metabolites of vitamin K
(5C- and 7C-aglycones) were determined by HPLC with redox mode elec-
trochemical detection as previously described (18). This assay gives excellent
linearity (+* typically = 0.999) with an on-column detection limit of <1 pg.
Interassay precision is <10%. The rate of 5C- and 7C-aglycone excretion
(ng/h) before prophylaxis was determined and expressed as a function of
infant weight (kg).

Serum K, concentrations were determined using a modified HPLC method
with postcolumn chemical reduction and fluorescence detection (22). The
limit of quantification was 0.05 wg/L. In normal healthy normolipemic adults,
the fasting reference range for K, is 0.17 to 0.68 ug/L (median, 0.37 ug/L).
The assay performance was assured through participation in the Vitamin K
External Quality Assurance Scheme (KEQAS). Vitamin K, 2,3-epoxide
(K,0), a metabolic by-product of Gla synthesis that is efficiently salvaged by
VKOR to regenerate the metabolically active hydroquinone form of K, in
adults, was also determined in serum (limit of quantification = 0.12 ug/L).
Serum concentrations of KO are typically <0.12 ug/L.

The net activity of vitamin K with respect to the coagulation function of
vitamin K was determined through the measurement PIVKA-II. Serum
PIVKA-II concentrations were determined using a MAb (C4B6) to PIVKA-II
in an ELISA format that is conformation specific such that it binds only
undercarboxylated species of prothrombin and is not cross-reactive with fully
carboxylated native prothrombin (23,24). Results are expressed as arbitrary
units (AU) per mL, where 1 AU is equivalent to 1 ug of multiple PIVKA-II
species. Using this assay, the upper limit of the reference range for PIVKA-II
in adults is <0.2 AU/mL.

Statistical analysis. Statistical analyses were performed using Minitab
Statistical Software version 13.1 (Minitab Inc., State College, PA). The
correlation between prophylactic K, dose and urinary metabolite excretion
was examined using Spearman’s coefficient. Cumulative urinary excretion of
vitamin K metabolites before and after vitamin K prophylaxis was plotted as
a function of time according to GA, route, dose, and percentage dose excreted.
Statistical significance was defined a priori as p < 0.05 (two tailed).

RESULTS

Fifty term infants were recruited, and in 30 of them, at least
one suitable urine sample was collected. Reasons for noncol-
lection (n = 20) included early discharge from hospital (11
infants), protocol violation (two infants: one received K,
orally and one received K, at delivery), mothers declined
further participation in the study (seven infants). The median
(range) GA and birth weight were 40 (37-41) wk and 3.300
(1.880-4.660) kg. Urine was collected from 26 preterm in-
fants. Their median (range) GA and birth weights were 29
completed weeks (22-31 wk) and 1.030 kg (0.454-1.892 kg).

Urinary 5C- and 7C-aglycone excretion by term infants
before K, prophylaxis. Urine was successfully collected be-
fore K, prophylaxis from 11 of the 30 term infants. Reasons
for the relatively low rate of urine collection on d 1 included
missed collections, leaking or detached urine bags, no urine
passed in the first 24 h postnatal, and contamination of the
specimen by meconium.

The 5C- and 7C-aglycones were detected in the urine of all
11 term infants; in all samples, the 5C-aglycone was the most
abundant metabolite (typical 5C:7C ratio = 2:1). The rate of
5C- and 7C-aglycone excretion estimated from the analysis of
samples collected over a mean of 17.8 (range, 6.6-26) h
varied from 0.01 to 0.35 (mean, 0.14) ng/kg/h. When com-
pared with data from our previous studies in young adults, this
rate of excretion was 25-fold lower than that (3.6 ng/kg/h) in
young men and women eating a self-selected diet and 14-fold
lower than that (2.1 ng/kg/h) in adults residing in a metabolic
unit fed a K,-restricted diet of 11 ug/d for 15 d (19), (Fig. 1).

Urinary 5C- and 7C-aglycone excretion by term and pre-
term infants after K, prophylaxis. Complete collections of all
urine voided in at least the 24-h period after K, prophylaxis
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Figure 1. Hourly rate of 5C- and 7C-aglycone urinary vitamin K metabolite
excretion (ng/kg body weight) for (/) nine adult subjects resident in a
metabolic unit-fed diets containing known amounts of vitamin K, equivalent
to a high (206 ug/d), a typical (93 ug/d), and a low (11 pg/d) daily intake*,
(II) 11 newborn term infants before vitamin K prophylaxis, and (/II) young
healthy free-living adults eating a self-select diet (57 females and 107 males).

suitable for 5C- and 7C-alglycone analysis were obtained
from five term infants (three males and two females) and 13
preterm infants (eight males and five females; Table 1). Both
aglycones were excreted by all preterm infants.

When K, had been given via the i.m. route, urinary vitamin
K metabolite excretion 24 to 48 h postprophylaxis correlated
to the administered dose (r = 0.6, p = 0.03). The rate of 5C-
and 7C-aglycone excretion began to increase between 8 and
15 h postprophylaxis. In all term infants and in 10 of 13
preterm infants, there was a temporal increase in the propor-
tional excretion of the 5C-aglycone relative to the 7C-
aglycone. A representative HPLC chromatogram illustrating
urinary 5C- and 7C-aglycone excretion by a term infant 2 d
after K, prophylaxis (500 pug i.m.) is shown in Figure 2A.

Three preterm infants mainly excreted the less extensively
catabolized 7C-aglycone. These infants were of similar GA
and birth weight as the 10 preterm infants who predominantly
excreted the 5C-aglycone. An HPLC chromatogram illustrat-
ing predominant urinary excretion of the 7C-aglycone by a
preterm infant (29 wk GA) 1 d after K, prophylaxis (200 ug,
i.v.) is shown in Figure 2B. With all four prophylactic regi-
mens, the median proportion of administered K, excreted as
urinary metabolites in the 48 h after prophylaxis was 0.03
(0.02-0.03)%, with the greatest range in those infants who
received 200 ug of K, via the i.v. route (Table 1).

We were only able to collect serial urine samples at short
time intervals during the first 24 h after vitamin K, prophy-
laxis in two infants comprising one male infant from the 200
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Figure 2. A, Representative chromatogram obtained for a urinary vitamin K
metabolite extract from a term infant 2 d after vitamin K, prophylaxis (500 pg
im.). B, A chromatogram obtained for a urinary vitamin K metabolite extract
from a preterm infant (29 wk GA and birth weight 0.92 kg) 1 d after vitamin
K, prophylaxis (200 g, i.v.) in which levels of the 7C-aglycone exceeded
those of the 5C-aglycone.

ng i.m. group (27 wk GA, weight 1.10 kg; 8 urine samples)
and one male infant from the 200 wg i.v. group (29 wk GA,
weight 0.92 kg; 11 urine samples). As shown in Figure 3, the
time courses of metabolite excretion were similar up to 15 h
after which the excretion rate in the infant who received i.v.
prophylaxis increased dramatically. The cumulative total uri-
nary vitamin K metabolite excretion >24 h was 55 ng and 424
ng in the i.m. and i.v. preterm infants, respectively (Fig. 3).

Relationship between pattern of aglycone excretion and
serum concentrations of K, and K,;O. Five days after K,
prophylaxis, serum K, concentrations in the preterm infants
were 182 (154-225) ug/L, 100 (74-207) ung/L, and 86 (34—
260) wg/L in the 500 wg i.m., 200 pg i.m., and 200 ug i.v.
groups, respectively. Preterm infants who mainly excreted the
5C-aglycone had undetectable serum K,O (<0.12 pg/L).
Conversely, the three preterm infants who predominately ex-
creted the 7C-aglycone (comprising two fourth preterms from the
500 wg i.m. group and one fifth preterms from the200 ug i.v.
group) had detectable K,O (16, 51, and 14 ug/L, respectively).

Serum PIVKA-II levels. PIVKA-II was below the limit of
detection (<0.2 AU/mL) in all preterm infants.

DISCUSSION

This is the first study to show that term and preterm infants
catabolize K, in a manner analogous to healthy adults. As in
healthy adults, the 5C-aglycone was the main metabolite

Table 1. Total (5C- and 7C-aglycone) urinary excretion of vitamin K metabolites in preterm and term infants in the 24-h period

immediately after vitamin K administration according to dosage and route

GA, median Route of Dose Total 24 h excretion %,* Dose excreted,
(range) prophylaxis (ng) n median (range), (ng) median (range)
Preterm 26 (24-29) im. 200 4 40 (25-324) 0.02 (0.01-0.16)
Preterm 25 (24-30) im. 500 4 128 (117-229) 0.03 (0.02-0.05)
Term 39 (39-40) im. 1000 5 295 (72-1033) 0.03 (0.01-0.10)
Preterm 28 (25-30) iv. 200 5 66 (7-1029) 0.03 (<0.01-0.51)

* 5C- and 7C-aglycone.



VITAMIN K EXCRETION IN THE NEWBORN 511

450 -
400 -
350
300 A o]
250 A
200 A
150

Co

100
50 -
O

ole @ Ca o @ .
0 5 10 15 20
Time (h)

Cumulative urinary vitamin K metabolite
excretion (ng)

{ %0
°
°

Figure 3. Comparison of urinary vitamin K metabolite excretion (5C- and
7C-aglycone) by two preterm infants during the 24-h period after K, prophy-
laxis. @, Male (27 wk GA and birth weight 1.10 kg) given 200 pg i.m. of K;;
O, male (29 wk GA and birth weight 0.92 kg) given 200 ug i.v. of K.

excreted by all term infants and the majority of preterm infants
before and after receiving vitamin K prophylaxis. However,
after prophylaxis, three preterm infants who had attained the
highest peak serum concentrations of K, (and in whom K,0
was also detectable) all primarily excreted the less extensively
metabolized 7C-aglycone.

Compared with our earlier metabolite studies, the rate of
5C- and 7C-aglycone excretion by term infants before K,
prophylaxis was far lower than in healthy young adults (25-
fold) or in adults fed with a K,-restricted diet of 11 wg/d for
15 d (14-fold) (19). This finding is in keeping with the notion
that infants are born with vitamin K insufficiency as evidenced
by low K, and K, concentrations in plasma (2) and liver (25)
of fetuses and neonates. However, it does not discount that
low urinary output may also reflect an immaturity of the
enzymic pathway leading to vitamin K catabolism. Despite the
low liver stores at birth, detectable circulatory levels of
PIVKA-II are present only in a minority of newborns (6,8,20).
PIVKA-II was undetectable in all preterm infants in this study
showed that their vitamin K status was sufficient for the
efficient functional +y-carboxylation of hepatic coagulation
factors.

In healthy adults, the 5C-aglycone is the predominant ex-
cretory product, with a typical 5C:7C aglycone ratio of 4:1
(18,19). In addition, term infants in this study predominately
excreted the 5C-aglycone metabolite in urine, albeit with a
reduced ratio of 2:1 (we were unable to collect urine before
prophylaxis from any preterm infants or from term infants
considered to be at increased risk of VKDB).

The low proportion of enrolled infants having one or more
analyzable sample reflects practical difficulties in obtaining
urine specimens from newborns. The challenge of obtaining
multiple urine samples from well-term infants during the first
days of life was significant. Frequent passage of meconium
caused many contaminated bag specimens; the repeated applica-
tion of urine bags led to many mothers declining further involve-
ment with the study. Collection of preterm urine proved more
successful because of the skill of neonatal nurses at collecting
urine specimens, the captive population, less early passage of
meconium, and the method used for collection.

Urinary 5C- and 7C-aglycone excretion by term and pre-
term infants was dose dependent and increased within 24 h of
K, prophylaxis. The slower increase in excretion over 24 h
after i.m. injection compared with an equivalent dose (200 ng)
given by the i.v. route (Fig. 3) gives support to a depot effect
whereby lipophilic vitamin K, leaches out only slowly from
the muscular site of injection into the circulation. This depot
effect has been proposed as the reason why i.m. vitamin K
prophylaxis gives a longer protection against late VKDB than
1.v. prophylaxis (26). A rapid urinary elimination after i.v.
administration was previously found in adult volunteers given
a single i.v. dose of 1 mg tritium-labeled K, with about 2% of
the dose being excreted within the first 2 h (27). Significant
and sustained increases in the rate of urinary excretion of the
5C and 7C metabolites were also found during a controlled
dietary study during which adults increased their K, intake
from 11 pg/d to 206 pg/d (19). In this study, term infants
excreted just 0.03% of a parenterally administered pharma-
ceutical dose as urinary metabolites within 24 h in contrast to
the 14-20% of an i.v. dose in adults (27). A relatively
inefficient mechanism for the metabolism and excretion of
vitamin K in healthy term newborns is suggested by the
prolonged residence time of K, in blood after oral prophylaxis
(28,29); this is in marked contrast to the rapid disappearance
from plasma in adults (27,30). A caveat to this study is that we
did not measure fecal output of vitamin K metabolites. Studies
in adults suggest that 20-30% of newly absorbed K, is
excreted in the urine and 30-40% in the feces (30,31). We
have been unable to assess whether any shift in excretion
between the urinary and biliary routes after vitamin K pro-
phylaxis could account for the small proportion of vitamin K
excreted as urinary metabolites.

Of the subgroup of 13 preterm infants enrolled into the
comparative prophylaxis trial, three infants (23%) mainly
excreted the 7C-aglycone (relative to the 5C-aglycone), and
they all showed raised levels of circulatory K,O, which is a
by-product of Gla synthesis and is usually efficiently salvaged
by VKOR to replenish supplies of the GGCX cofactor vitamin
K hydroquinone. With the exception of individuals who have
recently received a large pharmacological dose of K, or those
exposed to vitamin K antagonists (e.g. warfarin), circulatory
levels of K,O are typically below the detection limit of our
assay. Thus, the combination of an increased proportional
excretion of the 7C-aglycone together with a raised K,;O may
indicate a metabolic overload of both vitamin K recycling and
catabolic pathways. Further evidence that an increased excre-
tion of the 7C-aglycone is indicative of metabolic overload is
provided by the finding that the 7C metabolite predominated
in two of the four infants receiving the higher 500 ug dose
and in one of the four infants who received 200 wg by i.v.
injection, whereas the 5C metabolite was the major product in
all preterm infants who received the lower 200 ug dose of K,
via the i.m. route. In contrast, we found that the 5C-aglycone
was the predominant excretory product in 155 (97%) of 159
healthy young adults (unpublished data). Infants in this study
who mainly excreted the 7C-aglycone also had the highest
serum levels of K, (data not shown). The 7C-aglycone was
also the major metabolite in adults supplemented with large
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doses (45 mg) of MK-4 (unpublished data). This pattern may
indicate saturation of a component(s) of the w- and [-oxida-
tive enzyme system that carries out degradative side chain
shortening of vitamin K before excretion (18,19). The likeli-
hood that some preterm infants are unable to efficiently me-
tabolize current prophylactic doses of vitamin K given at birth
is supported by the finding that many preterms in this trial still
had grossly elevated circulatory levels of K, on the fifth day
of life that reached concentrations to several 100-fold higher
than endogenous concentrations in healthy adults (20). These
finding are consistent with previous reports (11,12).

We have shown that the 5C- and 7C-aglycone metabolites
of vitamin K can be determined in urine samples from term
and preterm infants, despite markedly reduced rates of excre-
tion relative to adults. Measurement of these metabolites may
facilitate the future noninvasive longitudinal study of vitamin
K status in this vulnerable population and may provide further
insight into the ability of individual infants to catabolize and
use vitamin K effectively.
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