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Development of tandem mass spectrometry-based creatinine
measurement using dried blood spot for newborn mass

screening

Masaru Nakano', Osamu Uemura?, Masataka Honda>, Tetsuya Ito*, Yoko Nakajima®, Shinji Saitoh' and
the Japan Study Group for Kidney Disease in Young Children in conjunction with the Committee of Measures
for Pediatric CKD of the Japanese Society for Pediatric Nephrology

BACKGROUND: Congenital anomalies of the kidney and
urinary tract (CAKUT) are the most prevalent etiologies of
pediatric chronic kidney disease (CKD). However, no robust
mass screening methods have been developed to detect
patients with CAKUT, making early intervention to prevent
progressive renal failure challenging.

METHODS: We applied tandem mass spectrometry (MS/MS)
to measure the creatinine (Cr) value from dried blood spot
(DBS) analysis, which has been used for newborn mass
screening. Subsequently, we evaluated the correlation
between DBS Cr measured by MS/MS and serum Cr measured
by the conventional method in pediatric patients with CKD.
Finally, DBS Cr was measured in 190 full-term, healthy
newborns on days 4-6 after birth.

RESULTS: We established a system of MS/MS-based mea-
surement of Cr from DBS. Measured DBS Cr in the pediatric
patients showed a strong association with serum Cr (r=0.86;
P<0.071). The median DBS Cr value in newborns was 0.222
(interquartile range: 0.189, 0.269) mg/dl. No significant
correlations were found between DBS Cr values and body
weight, Apgar score, gestational age, and sex in newborns.
CONCLUSION: We successfully established a method for MS/
MS-based measurement of Cr for newborn screening and
determined normal reference values for full-term newborns.

C ongenital anomalies of the kidney and urinary tract
(CAKUT) are the most prevalent etiologies of pediatric
chronic kidney disease (CKD) (1). The prognosis of CKD is
poor in children. A prospective cohort study of Japanese
children with CKD stages 3-5 demonstrated that disease
progression to a higher CKD stage or end-stage kidney disease
(ESKD) occurred in a sizeable number of children, particu-
larly in those with advanced (stages 4/5) CKD (1). The
mortality rate in pediatric ESKD is also quite high (2,3)
because of fatal complications. In the United States, 705 of

3,450 children younger than 5 years (98.8/1,000 person-years)
who started dialysis between 1990 and 2010 died during
dialysis treatment (4).

It has been reported that early intervention for CAKUT can
prevent disease progression (5-13). Angiotensin-converting
enzyme inhibitors and angiotensin receptor blockers help
delay or prevent progression to ESKD in children (5-13).
These drugs have not only antihypertensive action but also
antiproteinuric, antifibrotic, and anti-inflammatory actions.
According to the Effect of Strict Blood Pressure Control and
ACE Inhibition on Progression of Chronic Renal Failure in
Pediatric Patients (ESCAPE) trial, strict blood pressure
control (in which mean arterial pressure levels are kept below
the 50th percentile) in CKD children who receive a fixed high
dose of an ACE inhibitor prevents the progression of CKD to
ESKD (8). Therefore, early identification of patients with
CAKUT is crucial to protect the remaining renal function and
prevent complications in other organs due to CKD.

In Japan, urine screening using dipsticks in 3-year-old
children has been carried out for identification of CAKUT,
but it has not been very useful (14). Sekhar et al. (15) reported
that urine dipstick screening is a poor test for CKD and is not
cost-effective. Ishikura et al. (1) reported that only 10% of
CKD cases were found by urine screening in 3-year-old
children. This is partly because the urine of CAKUT patients
is dilute because of reduced urine-concentrating ability; thus,
underestimation of proteinuria in these patients is inevitable.
A more reliable and ideal approach for finding CAKUT is an
ultrasound study. However, ultrasound screening is too
expensive to be applied as mass screening. The alternative
method for identification of CAKUT is screening of renal
function. Patients with severe CAKUT show low renal
function; therefore, such patients can be identified by renal
function screening. Renal function is estimated through the
glomerular filtration rate, which is commonly estimated using
creatinine (Cr). Serum Cr reference values (16) and Cr-based
estimated glomerular filtration rates (17) have been
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established in Japanese children aged between 3 months and
16 years, and over 1 year of age, respectively. However, data
on Cr values in newborns are limited, and some studies have
reported that Cr values change in newborns (18-20). There-
fore, there is an urgent need to determine reference values of
Cr as early as days 4-6 after birth for the purpose of newborn
mass screening for CAKUT.

In Japan, newborn mass screening using tandem mass
spectrometry (MS/MS) and dried blood spot (DBS) analysis
for 19 inherited metabolic disorders has been in effect since
2013. Therefore, renal function-based mass screening for
CAKUT using the same DBS analysis is reasonable and
applicable for all Japanese children. In the present study, we
sought to establish a new method for mass screening of renal
function using DBS analysis and MS/MS.

METHODS

Samples

For the initial study, we recruited 100 pediatric patients who were
admitted to the Department of Nephrology of Aichi Children’s
Health and Medical Center. Their age, sex, and underlying diseases
were not considered. Eight patients with serum Cr >1.2 mg/dl were
excluded. Of the patients, 53 were male and 39 were female. Their
median age was 7.9 years (IQR: 4.53, 12.40), and median Cr was 0.39
(IQR: 0.31, 0.51) mg/dl. Overall, 39 of them were diagnosed with
nephrotic syndrome, 21 with urologic disease, 16 with nephropathy,
11 with hypoplastic/dysplastic kidney and so on. An additional
0.1 ml of blood was collected for DBS analysis simultaneously with
blood drawn for serum Cr measurement.

Count

We then collected samples from 190 newborns (males, 99; females,
91) from four hospitals. One hospital is a perinatal medical center
and the other three hospitals are private clinics. The blood samples
were collected on days 4-6 of life from full-term, well newborns, with
the informed consent of their parents. To include normal infants, the
following exclusion criteria were applied. First, infants whose
mothers were on medications were excluded. Second, babies
receiving specific medical support were excluded. Any infants with
proven or suspected CAKUT, infections, hypovolemia, or muscle
disease, or whom the attending physician judged unsuitable for this
study were excluded. At the time of blood sampling for tandem mass
screening, two additional spots were collected on filter paper.
Gestational age, birth weight, Apgar score (5 min), and age in weeks
at the time of blood sampling were noted on the registration form.

This study was approved by the ethics committees of the Nagoya
City University Graduate School of Medical Sciences (receipt
number: 859-2) and Aichi Children’s Health and Medical Center
(receipt number: 201317).

Experimental Methods
Chemicals. Creatinine of standard reference range was purchased
from the National Institute of Advanced Industrial Science and
Technology (Tsukuba, Japan), and stable isotope-labeled Cr (d3-
creatinine) was obtained from Cambridge Isotope Laboratories
(Tewksbury, MA, USA). Acetonitrile, methanol, and formic acid
were purchased from Wako Pure Chemical Industries (Osaka, Japan).
The DBS papers were purchased from ADVANTEC (Tokyo, Japan).
To ensure accurate measurement from DBS analysis, we used
the internal standard method. A known amount of internal standard
(d3-Cr), which is used in Japanese newborn mass screening, was
added to every sample, which enabled accurate calibration by plotting
the ratio of the analyte signal to the internal standard signal (21).
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Figure 1. Chromatograms of creatinine and d3-creatinine with a patient sample. The multiple reaction monitoring (MRM) transitions monitored were
m/z 114.10>44.10 for creatinine and m/z 117.05>47.10 for d3-creatinine, respectively. The cone voltage and collision energy were 18V and 18 eV.
The retention time of creatinine and d3-creatinine was ~0.91 min within the 2.0-min chromatography run time. These parameters were tabulated

below the graph.
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Figure 2. Correlation between serum Cr and DBS Cr and Bland—Altman plots to measure validity. Correlation between serum Cr and DBS Cr for the

range of serum Cr < 1.2 mg/dl (a) and for serum Cr less than 0.8 mg/dl (b). Bland—Altman plots for 0.565 x serum Cr vs. DBS Cr (serum Cr <1.2 mg/

dl) (¢) and for 0.570 x serum Cr vs. DBS Cr (serum Cr <0.8 mg/dl) (d). The solid line denotes bias (mean of difference), the small dashed line denotes
95% coefficient interval, and the large dashed line denotes 95% limits of agreement.

Sample Preparation and Mass Spectrometry

On the filter paper, a 1/8-inch circle was punched out from each
blood spot (~3 pl) into the individual wells of a 96-well microplate,
immersed in 10 pl of fixing solution (methanol-to-acetone-to-water
ratio, 7:7:2), and dried at 37 °C for 30 min. Then, 100 pl of extract
solution with a known concentration of a stable isotope-labeled
standard (0.01 mg/dl d3-Cr) was added to every sample, and the
samples were shaken at room temperature for 30 min. Thereafter, the
samples (10 pl) were introduced to the LCMS-8040 mass spectro-
meter (Shimadzu, Kyoto, Japan), which is commonly used for
newborn tandem mass screening in Japan. The mobile phase was
prepared from a mixture of acetonitrile, methanol, and water at a
ratio of 2:2:1, and 0.05% formic acid was added. MS/MS analyses
were performed in multiple reaction monitoring mode. The
LabSolutions program (Shimadzu) allowed data processing. This
software integrated the area under the chromatogram. The
LCMS-8040 spectrometer (Shimadzu) was used for MS/MS analysis.
Nitrogen served as the auxiliary, curtain, and collision gas. Cr was
analyzed in positive ion multiple reaction monitoring mode.

Statistical Methods

All statistical analyses were performed with EZR (Saitama Medical
Center, Jichi Medical University, Saitama, Japan), which is a
graphical user interface for R (The R Foundation for Statistical
Computing, Vienna, Austria). More precisely, it is a modified version
of R commander, which is designed to add statistical functions
frequently used in biostatistics (22). The Shapiro-Wilk test was used

Copyright © 2017 International Pediatric Research Foundation, Inc.

to determine whether the distribution of DBS Cr was normal.
Pearson’s linear correlation coefficient test was used to investigate
the association between serum Cr and DBS Cr. Bland-Altman plots
were performed to measure agreement with the DBS method
estimate. One-way ANOVA was used to investigate significant
differences in body weight, Apgar score, gestational age, and sex. In
all analyses, P<0.05 was taken to indicate significance.

RESULTS

We successfully established the conditions of MS/MS to
measure Cr as follows. The multiple reaction monitoring
transitions monitored were m/z 114.10 > 44.10 for Cr and m/z
117.05>47.10 for d3-Cr (internal standard). The cone voltage
and collision energy were 18 V and 18 eV. The retention time
of Cr and d3-Cr was ~0.91min within the 2.0min
chromatography run time (Figure 1). The calibration curve
showed good linearity, which ranged from 0.039 to 5.0 mg/dl
with an accuracy of 81.6-104.9% and coefficient of variation
of 0.1-5.8%.

After developing the MS/MS method, we performed the
initial study for infancy through childhood. A high correlation
(R=0.863) of the serum Cr level with the DBS Cr level
(0.5693 times lower than the serum Cr level) was observed in
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the full range (Figure 2a). Pottel et al. reported a mean value
of 0.55 mg/dl (range 0.41-0.75 mg/dl) at day 4 and 0.48 mg/dl
(range 0.36-0.69 mg/dl) at day 6 (ref. 23). Stage 3 CKD is
25-50% of renal function, and thus re-calculations were
performed in the range of serum Cr up to 0.8 mg/dl. The
correlation score was 0.723, and the regression formula was
0.5653 times lower than the serum Cr level in the range of
0.12 (the lowest) to 0.8 mg/dl (Figure 2b). The Bland-Altman
analysis to measure the validity of each coefficient shown in
Figure 2c,d showed close to zero bias, and 95% limits of
disagreement of —0.087 to +0.095 mg/dl in the full range and
of —0.081 to +0.091 mg/dl in the range of serum Cr up to
0.8 mg/dlL

We then applied the DBS MS/MS method on 190
newborns. The mean body weight was 3,168 (interquartile
range (IQR): 2,906, 3,455) g in male newborns and 3,068
(IQR: 2,844, 3,262) g in female newborns. Other character-
istics of the newborns in the present study are shown in
Table 1. The distribution of the DBS Cr levels in relation to
each profile is shown in Figure 3. The median DBS Cr value
in all newborns was 0.222 (IQR: 0.189, 0.269) mg/dl. The
median DBS Cr value was 0.215 (IQR: 0.186, 0.256) mg/dl in
the male newborns and 0.229 (IQR: 0.195, 0.278) mg/dl in the
female newborns, with no significant difference between the
two. The histograms did not follow a normal distribution.
One-way analysis of variance (ANOVA) demonstrated no
significant difference in DBS Cr values on days 4-6 after birth
by body weight, Apgar score, or gestational age, respectively,
and Student’s t-test showed no significant difference by sex.

DISCUSSION

To the best of our knowledge, this is the first study of DBS Cr
measurement in newborns using a mass screening method.
MS/MS has been applied in newborn screening programs
around the world to detect inherited metabolic disorders (24).
The method used in the present study was MS/MS without
columns, which is used in Japanese newborn mass screening.
As our method has been widely used for newborn mass
screening of metabolic diseases in Japan, successful establish-
ment of DBS Cr measurement by the same system would
demonstrate the potential use of DBS Cr-based newborn
screening for patients with CAKUT.

The results of our initial study, observed along an age scale
from infancy through childhood, showed an approximately
two-fold difference between serum Cr and DBS Cr levels. The
reason is that whole blood includes hemocytes and is rich in
hemoglobin and low in serum components. Thus, the DBS Cr
level is always lower than the serum Cr level in the same
blood sample (25). The DBS Cr level measured by the method
we developed was lower than that in previous studies (25,26).
Our method is exactly the same as that for newborn mass
screening in Japan. It is well known that the results of mass
spectrometry depend on the methods and instruments.
Therefore, the results of different methods would vary
significantly between each other. In fact, previous reports
have shown substantially different results. As a major
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Table 1. Characteristics of the newborns who participated in the
study

Male Female

Total 929 91
Birth place

Perinatal medical center 20 16

Private clinic 79 75
Body weight (g)

~ 2,499 3 3

2,500-2,999 31 39

3,000-3,499 43 38

3,500-3,999 22 1
Gestational age (week)

36 3 0

37 6 8

38 24 18

39 27 23

40 26 31

41 13 1
Apgar score (5 min)

8 4 1

9 27 24

10 68 66
Sampling day

4 97 91

5 1 0

6 1 0

application of DBS Cr is in newborn mass screening, a strong
correlation of the given measurement with the serum Cr value
is crucial. The present results clearly demonstrated a strong
association between serum Cr and DBS Cr using Pearson’s
linear correlation coefficient test in the range of serum Cr up
to 1.2 mg/dl, which is 2-3 times the normal serum Cr at days
4-6 (ref. 23), implying the validity of the measurement.

DBS Cr screening for newborns using MS/MS demon-
strated a median DBS Cr of 0.231 (IQR: 0.189, 0.269) mg/d],
which is approximately half of the standard serum Cr level
(0.49 mg/dl) for the same age (in days) reported previously
(23). This is consistent with the equation in our initial
experiment for children—i.e.,, DBS Cr being 0.5693 times
lower than serum Cr. In our newborn study, sex, Apgar score,
gestation day, and body weight were not correlated with DBS
Cr on days 4-6 after birth.

Copyright © 2017 International Pediatric Research Foundation, Inc.
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Figure 3. DBS Cr levels in 190 newborns and their distribution in relation to each profile. (a) Histogram of gender-separated DBS Cr. (b) Student’s
t-test showed no significant difference in the DBS Cr values on days 4-6 after birth by sex. One-way analysis of variance (ANOVA) demonstrated no
significant difference by Apgar score (c), body weight (d), or gestational age (e).

The estimation of newborn renal function is not easy
because it changes rapidly during the first week of life. Renal
plasma flow in newborns varies dynamically after birth.
At birth, the neonate’s serum Cr reflects the maternal
serum Cr, and the neonate’s serum Cr decreases for some
time after birth. This movement is controlled by kidney
maturation and increasing muscle volume. The Cr level at
day 6 in newborns is lower than that at day 4 (ref. 23),
but the difference between the predicted serum Cr on day 4
and that on day 6 is 0.07 mg/dl (day 4: 0.55mg/dl; day 6:
0.48 mg/dl). Therefore, we should use a day-dependent
cutoff value. Few samples at days 5 and 6 were available
in this study, and therefore we intend to perform a further
large study to determine a day-dependent cutoff value.
For practical purposes, the small difference can be ignored
after day 4 for neonatal screening. Pottel et al. showed that
the serum Cr reached a plateau level after ~3 weeks to
1 month after birth, and thus it is ideal to measure renal
function at 1 month of age. However, newborn mass
screening at 1 month is not practical, at least in Japan,
because of the cost and the current health care system.
Therefore, the development of newborn screening using
DBS screening around day 4 is crucial. The present results
show that DBS Cr can be used to identify severe renal
dysfunction at around day 4. At least it can be used to identify

Copyright © 2017 International Pediatric Research Foundation, Inc.

high-risk neonates who would be invited for more precise
screening at 1 month of age.

DBS Cr may vary depending on the hematocrit level. Jeftery
reported that neonates born at 35-42 weeks of gestation had
mean hematocrit values of about 49% (5% value 34%, 95%
value 62%) (27). This means that a serum proportion of about
51% (5% value 38%, 95% value 66%) would create a margin of
error of about 30%. Mass screening for congenital hypothyr-
oidism (CH) has the same problem. Whole-blood thyroid-
stimulating hormone depends on the neonate’s hematocrit
level, but it could be applied for newborn screening for CH
(28). Indeed, serum volume varies for the samples, but the
cutoff is expected to be high enough to overcome the
variability of the serum volume. Therefore, DBS Cr could also
be applied for newborn screening if an acceptable cutoff level
were set, which will be tested in future studies.

Japanese Society for Mass Screening recommends a cutoff
value of +3 to 6 SD for the positive rate (29). Referring to the
work of Pottel et al. (23), we looked up a serum Cr value of
0.69 mg/dl at day 6 and 0.75mg/dl at day 4 for the 97.5th
percentile. For DBS Cr, this would correspond to threshold
values of 0.39-0.42 mg/dl. In our study, the highest DBS Cr in
the present study was 0.42 mg/dl. The cutoft DBS Cr value of
0.39-0.42 would be reasonable for the initial study.

Volume 82 | Number 2 | August 2017 Pediatric RESEARCH 241
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No CAKUT patients were found among the 190 full-term,
well newborns in the present study. We followed up on the
infant with the highest DBS Cr (0.42 mg/dl) and performed a
detailed examination when she was 1 month old. Her serum
Cr was 0.29 mg/dl, which was within the normal range for her
age, and her DBS Cr was 0.15mg/dl. Ultrasound study
revealed normal kidney sizes of 46.3 mm (right) and 49.6 mm
(left) without hydronephrosis. The high DBS Cr of the baby
might have reflected the maternal value at birth. In full-term
newborns, maternal and neonate serum Cr levels are similar
in the first week of life (30). Bariciak et al. (31) reported a
strong correlation between maternal and newborn Cr up to
72 h after birth. DBS Cr at day 4 (96 h) would be influenced
by the maternal renal function. Our study did not measure
maternal Cr at birth, and it is not always possible to obtain
maternal data in newborn screening because most clinics do
not perform maternal blood examination at birth. Another
factor we should discuss is an ethnic effect. It is known that
the maternal serum Cr levels of Japanese females are lower
than those of White females (32). It suggests that the Japanese
infant cutoff value would be lower than the cutoff value used
in Pottel’s study. Therefore, further study with a substantial
number of Japanese infants should be performed to determine
the appropriate cutoff value for the Japanese infant popula-
tion. An antenatal ultrasound scan is a good test to identify a
newborn at risk for CKD, but the test cannot identify all
CAKUT patients. Tabel reported that 57.9% (44/76) of
CAKUT patients negative on antenatal renal ultrasonography
were diagnosed by postnatal ultrasonography screening (33).
Although postnatal renal ultrasonography is very important,
it should only be carried out for selected neonates because of
its considerable cost. We believe that our screening would
help identify the neonates not detected by antenatal
ultrasound scans.

In Japan, newborn screening is performed in over 100
million babies per year; therefore, it is important that it be
affordable and cost-effective. The method we developed is
inexpensive. The internal standard (d3-Cr) screens 8,000
babies/dollar. The MS/MS equipment we used is common in
MS/MS screening. Most inspection institutes where mass
screening is carried out possess the equipment and could
perform DBS Cr-based screening without further investment.

CONCLUSION

We have developed a new method for MS/MS-based
measurement of DBS Cr, and we demonstrated that it is
practical and cost-effective and can be used as a screening
method to detect CAKUT in the neonatal period. This
method can be a realistic screening method with respect to the
fact that nationwide screening is possible owing to the tandem
mass screening method that is already in use. Further studies
involving more neonates including CAKUT patients should
be carried out.
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