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FIGURE 8. Maturation of hypertrophic chondrocyte is impaired in metatarsals treated with FGF23/sKL. A and B, metatarsal rudiments were isolated from
E 15.5 embryos and cultured in the presence or absence of FGF23 (300 ng/mi) and sKL (300 ng/ml) for 6 days. Expression levels of Co/10a7 were analyzed by In
situ hybridization (A) and real-time-RT-PCR (B) (n = 3). C, primary chondrocytes were treated with chondrogenic media in the presence or absence of FGF23 (100
ng/ml) and sKL (100 ng/ml) for 6 days. Expression levels of Col10aT were determined by real-time RT-PCR (n = 3). D and E, metatarsals were cultured in the
presence of various concentrations of FGF23 and sKL (D), or FGF23 (300 ng/ml), sKL (300 ng/ml), or both (£) for 12 days. On day 12, the calcein incorporated area
was visualized and quantified (n = 3-4). RZ: resting zone, PZ: proliferating zone, HZ: hypertrophic zone. The figures shown are the representative from at least
three independent experiments. The values were expressed as mean * S.E. ¥, p < 0.01; **, p < 0.05. ns, not significant.

ple, FGF23 has been recently shown to be responsible for the
development of left ventricular hypertrophy through activating
calcineurin-NFAT signaling pathway in mice (26). Non-canon-
ical activity of FGF23 could be operative as well in chondrocytes
as evidenced by the previous study in which Fgf23 and Slc34al
genes were deleted in mice (10). The lack of Slc34al in Fgf23-
deficient mice did not correct the decreased number of hyper-
trophic chondrocytes in Fgf23-deficient mice despite of the cor-
rection of serum phosphate levels, suggesting the presence of
phosphate-independent action of FGF23 in chondrocytes;
however, the precise mechanisms of phosphate-independent
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function of FGF23 in chondrocyte biology remain to be
elucidated.

Initially, we demonstrated in vitro that FGF23 can mediate its
signals in the presence of sKL. As previously reported, a-Klotho
expression was extremely low in chondrogenic cells. In line
with this, FGF23 alone could not activate ERK or induce Egrl
expression in chondrogenic cells. Since there is an increasing
amount of evidence that demonstrates the biological function
of sKL in mice (12-15), we assessed the functional interaction
between FGF23 and sKL in chondrogenic cells. In the current
study, we utilized ~130 kDa of sKL produced by ectodomain

JOURNAL OF BIOLOGICAL CHEMISTRY 2423

£10Z ‘sl Aeniged uo ‘19)uan) noAsnobnosusyoyiysog nsiunS exesQ je Bio-ogl-mmm woly papeojumoq



FGF23 Signaling in Chondrocytes

A Cont B
12 - FGF23+sKL Cont FGF23+sKL
T t
1.0 -
3 08 -
O 06 -
=04
0.2
0
Primary Metatarsals
chondrocytes
C Longitudinal length of metatarsal (pum) Percent increase (%)
%
woen 1
1200+ 120
.
1000 e 100 - Cont-CM
-5.1% -2.6% t Cont-CM+FGF23/sKL
800 - g 80 4 mrE 1 Thh-CM
. 7% -10% Thh-CM+FGF23/sKL
600 1 60 % U
400 4 40
200 20
Thh - o - [

FGF23/sKL - + Pre

Day3

Day6 Day3 Day6

FIGURE 9. Indian Hedgehog partly mediates the suppressive effect of FGF23/sKL on the longitudinal growth of metatarsals. A and B, primary chondro-
cytes were treated with chondrogenic media in the presence or absence of FGF23 (100 ng/ml) and sKL (100 ng/ml) for 2 days. Metatarsal rudiments were
cultured in the presence or absence of FGF23 (300 ng/ml) and sKL (300 ng/ml) for 6 days. Expression levels of lhh were determined by real-time RT-PCR (n = 4)
(A) and immunohistochemistry (n = 3) (B). , metatarsals were treated with FGF23 (300 ng/ml) and sKL {300 ng/mi) for 6 days in the presence of 10% of lhh
conditioned media (Ihh-CM) or control conditioned media (Cont-CM) and longitudinal lengths and percent increases in metatarsals were measured (n = 3-4),
Conditioned media obtained from HEK293 cells overexpressing empty vector were used as Cont-CM. PZ: proliferating zone. The figures shown are the
representative from at least three independent experiments. The values were expressed as mean = S.E. *, p < 0.001; **, p < 0.01; 1, p < 0.05.

shedding based on a previous report showing that this type of
sKL is the predominant sKL in human circulation (27). Inter-
estingly, in vitro studies revealed that FGF23 exerted its signals
in the presence of sKL in chondrogenic cells. The precise mech-
anisms whereby sKL mediates FGF23 signaling still need to be
elucidated, but the finding that sKL forms a protein complex
with FGF23 may raise the possibility that sKL may allow FGF23
to reach and bind to its specific receptors by making a complex
with FGF23 in the circulation. Indeed, co-immunoprecipita-
tion analysis revealed that the binding of FGF23 to FGFR3 was
enhanced when sKL was present. However, it is still unclear as
to whether FGF23/sKL complex is present in the circulation
and further analyses are required to determine the significance
of this complex in the in vivo physiological conditions.

Next, to elucidate the significance of FGF23/sKL signaling in
chondrocyte biology, we introduced an ex vivo metatarsal organ
culture system, which is a widely used procedure to recapitulate
in vivo bone growth. Using this method, we found a unique
phenotype with respect to chondrocyte proliferation such that
FGF23/sKL suppressed proliferation in the proliferating zone.
The finding that FGF23/sKL impaired chondrocyte prolifera-
tion in the proliferating zone led us to speculate that FGF23/
sKL may recognize FGFR3 as its receptor because an activating
mutation in the Fgfr3 gene has been shown to result in impaired
chondrocyte proliferation (28 —30). Based on this, we analyzed
whether FGFR3 is involved in FGF23/sKL-mediated suppres-
sion of metatarsal growth and provided evidence that FGFR3 is
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at least in part involved in the FGF23/sKL-mediated action on
metatarsal growth. However, given the fact that FGF23/sKL
showed a non-significant suppression on the linear growth of
metatarsals infected with adenovirus containing microRNA
specific for Fgfr3, we could not exclude the possibility of the
involvement of other types of FGF receptors, although it is still
possible that residual expression of FGFR3 may contribute to
the suppressive action in FGFR3-knocked down metatarsals.
Similar to FGFR3, FGFR1 is abundantly expressed in the
growth plate predominantly in perichondrium and hyper-
trophic chondrocytes, whereas FGFR3 exhibits abundant
expression in resting and proliferating chondrocytes, with less
expression in hypertrophic chondrocytes (31). The expression
profile of FGFR2 is also different from FGFR3, and FGFR2 is
mainly expressed in mesenchymal condensation (31). Although
previous iu vitro studies demonstrated the binding of FGF23
to multiple FGF receptors (8, 9), the compartment-specific
expression profile of FGFRs in the growth plate would confer a
specific binding partner for FGF23 in the presence of sKL such
that FGF23 suppresses chondrocyte proliferation in the prolif-
erating zone through the activation of FGFR3.

Multiple pathways have been shown to mediate the effect of
FGFR3 activation with respect to the suppression of chondro-
cyte proliferation. IThh has been implicated to be the down-
stream target of FGFR3 activation (21-23) and is well known to
play a critical role in chondrocyte proliferation (24, 25). Based
on these findings, we tested our speculation that Ihh may be the
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FIGURE 10. Administration of sKL impairs chondrocyte proliferation in Hyp mice. sKL (0.02 mg/kg) was intraperitoneally administered into Hyp mice for 3
days from postnatal day 7 and samples were collected on postnatal day 10. A, plasma FGF23 concentrations on postnatal day 10 in wild-type and Hyp mice (n =
3-4). B, body weights of Hyp mice on postnatal day 7 and day 10 and percent increases in body weight were calculated (n = 6-7). C, gross appearance of the
tibia isolated on postnatal day 10 and tibial lengths were determined (n = 6-7). D, growth plates of tibiae were histologically analyzed by Hematoxylin and
Eosin staining and the lengths of proliferating zones (PZ) and hypertrophic zones (HZ) were calculated (n = 6~7). E, BrdU staining was performed and the ratio
of the number of BrdU-positive cells over total cells in the proliferating zone was determined (BrdU index) (n = 6-7). F, expression of Fgf23 in the femur was
determined by real-time RT-PCR (n = 3). G, expression levels of Cyp27b1, Cyp24al, Slc34a1, and Sic34a3 in the kidney were analyzed by real-time RT-PCR (n =
3-5). H, plasma levels of phosphate were measured (n = 6-7). The figures shown are the representative from at least three independent experiments. The

values were expressed as mean * S.E. *, p < 0.001; *¥, p < 0.05. ns, not significant.

downstream target of FGF23/sKL signaling and found that IThh
expression was reduced in the presence of FGF23/sKL and
addition of Ihh protein partially reversed the impaired growth
of metatarsals treated with FGF23/sKL. Since Ihh protein can-
not fully rescue the growth impairment induced by FGF23/sKL
signaling, other signals are likely involved in the action of
FGF23/sKL on the suppression of chondrocyte proliferation.
Because STAT1 has been shown to be activated in response to
FGFR3 activation, which in turn results in the inhibition of
chondrocyte proliferation (32), a signaling pathway through
STAT1 activation may be involved in the FGF23/sKL-induced
impairment in chondrocyte proliferation.

In XLH patients, it is well recognized that administration of
phosphate and calcitriol is effective to improve linear growth,
but is not sufficient to fully reverse impaired growth despite the
correction in biochemical markers and rachitic changes (17,
33). This evidence may suggest the existence of factor(s) mod-
ulating the linear growth of XLH patients in addition to abnor-
mal phosphate metabolism, and the current findings that
FGF23 suppresses chondrocyte proliferation in the presence of
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sKL may at least in part explain the reason why the correction in
serum phosphate levels by administration of phosphate and
calcitriol cannot fully regain impaired growth in XLH patients.
If this mechanism is operative, the blockade of FGF23 signaling
as a strategy for the treatment of XLH patients would be very
promising because suppressing FGF23 signaling may have an
additional benefit such as enhancing chondrocyte proliferation
beyond its capacity to correct phosphate and vitamin D metab-
olism. Indeed, recent in vivo animal studies have provided
evidence for the striking effectiveness of the blockade of
FGF23 signaling pathways by the anti-FGF23 neutralizing
antibody in the improvement of rickets and growth retarda-
tion in Hyp mice (34).

The significance of sKL in chondrocyte biology in humans
remains largely unknown. Recent development in the ELISA
system to detect human sKL has revealed that significant
amounts of sSKL are present in the human circulation (35); how-
ever, it is still controversial as to whether sKL in the circulation
has any biological functions despite evidence demonstrating
the biological function of sKL in animal models (12—14). Nev-
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ertheless, the finding that sKL levels are greater in fetal life and
childhood than that in adults may suggest that sKL may have
more pronounced effects during these times (35-37). Since sKL
levels in XLH patients have been shown to be comparable to
those of control subjects (36), elevated FGF23 levels in these
patients may have a significant impact on the signaling path-
ways exerted by FGF23/sKL. Our in vivo results using supra-
physiologic concentrations of sKL may not be used to reach a
definitive conclusion regarding the role of physiologic concen-
trations of sKL in the regulation of chondrocyte bioclogy, but
these findings may underline the significance of sKL, especially
in fetal life and childhood when sKL levels are elevated and
chondrocyte proliferation and maturation are actively
operative.

In summary, we demonstrated that FGF23 possessed a non-
canonical function where FGF23 suppressed chondrocyte pro-
liferation and maturation in cooperation with sKL independent
of phosphate metabolism, and this effect was partly mediated
through FGFR3 and involved the suppression of Ihh expres-
sion. These lines of evidence add to our growing knowledge
regarding signaling networks exerted by FGF23 and provide
insights into the unrecognized function of FGF23 signaling that
could be important for chondrocyte biology.
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ABSTRACT

Objects: The purpose of this study was to observe a
correlation between PgrCO, and PaCQO, in intubated
neonates under intermittent mandatory ventilation
with spontaneous breathing. Material and methods:
A total of 55 paired PrCO, measured by mainstream
capnometry and PaCO, values were obtained from 4
intubated neonates in our neonatal intensive care
units at Nagano Children’s Hospital, Nagano, Japan.
Results: PgrCO, and PaCO, were significantly corre-
lated (r* = 0.928, p < 0.0001). For samples in venti-
lated neonates with spontaneous breathing, maximum
PrrCO; and mean PyrCO, correlated strongly with
PaCO, (maximum Pp;CO,: r* = 0.9401, p < 0.0001;
mean PgrCO,: r* = 0.8587, p < 0.0001). Although
PaCO, also correlated with minimum Py;CO, (r2 =
0.2884, p < 0.01) in ventilated infants with spontane-
ous breathing, a significant difference was seen with
maximum PgrCO, (p < 0.05) and mean Px;CO,; (p <
0.05) in the correlation coefficient r between PaCO,
and PgrCO,. Conclusion: Present study showed that a
good correlation exists between PgrCO, and PaCO,
in intubated neonates under intermittent mandatory
ventilation with spontaneous breathing. Lightweight
with low amounts of dead space mainstream cap-
nometry can be used as noninvasive monitor in incu-
bated neonates with spontaneous breathing.
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1. INTRODUCTION

Capnography, which displays the level and waveform of
CO; in exhaled air, is a simple technique that appears to
accurately indicate arterial PCO, (PaCO,) and provides
information on cell metabolism, blood perfusion, and
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alveolar ventilation [1-3]. The use of end-tidal CO,
(PerCO,) for monitoring and as a tool for verifying en-
dotracheal tube (ETT) position is another common prac-
tice in the operating room and in adult and pediatric in-
tensive care units [3]. This procedure was also intro-
duced to neonatal intensive care units (NICUs), but there
are limitations of the technique in smaller babies, espe-
cially for extremely low birth weight infants due to is-
sues such as the weight of sensors or water droplets
within circuits, dead space, and leakage from tracheal
intubation tubes. Recently, a lightweight mainstream
capnometer was developed. We have previously reported
a strong correlation between PgrCO, and PaCO, under
controlled ventilation when tidal volume/body weight
(TV/BW) was 6 - 15 mL/kg and the leakage rate was
<60% in rabbits. Furthermore, under conditions of 6
mL/kg of tidal volume (TV), PaCO, was significantly
increased by a dead space increase of only 1 mL, repre-
senting >7% of TV [4].

Capnometry is expected as one of the non-invasive
monitor in NICUs. Although several investigators have
demonstrated good relationships between values for
PerCO, and PaCO, in infants [5-8], the value of cap-
nometry in estimating PaCO, has been questioned during
anesthesia with spontaneous ventilation [9,10]. On the
other hand, while TV is larger than spontaneous breaths,
PerCO; is close to the PaCO, and to that observed with
voluntary maximal expiration [11]. The purpose of this
study was to observe a correlation between PgrCO, and
PaCO, in intubated neonates under intermittent manda-
tory ventilation (IMV) with spontaneous breathing.

2. MATERIAL AND METHODS

A total of 55 paired PgrCO, and PaCO, values were ob-
tained from the 4 neonates who had been admitted to the
NICU at Nagano Children’s Hospital between April and
July 2009. Neonates deemed as non-viable by the at-
tending physician were excluded, as were those with
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conditions such as acute shock, infection, or hemody-
namic instability. Before enrollment into this study, in-
formed consent was obtained from the parents or guard-
ian of each infant. Study subjects comprised 4 neonates.
Mean (#standard deviation (SD)) gestational age and
birth weight were 36.7 £ 2.1 weeks and 2446 + 487 g,
respectively. Data on demographics, clinical characteris-
tics, and laboratory findings for subjects were collected
by referring to the clinical laboratory records.

The infants were ventilated mechanically using a time-
cycled pressure-limited ventilator (Calliope®; Metran,
Saitama, Japan). Peak inspiratory pressure (PIP), fraction
of inhaled oxygen (FiO,), inspiratory time, positive end
expiratory pressure (PEEP) and respiratory rate were
settled to provide the optimal arterial PaO, and PaCO, as
defined by the neonatologists and were not manipulated
for the purposes of the study.

Mainstream PprCO, was measured via a capnograph
connected to the proximal end of the endotracheal tube
(Cap-One®; TG-970P, Nihon-Kohden, Tokyo, Japan).
Data was continuously recorded on a laptop computer
using the software programmed by LabVIEW (National
Instruments, Texas, USA) through CO, monitor (OLG-
2800; Nihon-Kohden, Tokyo, Japan) each patients. We
distinguished between spontaneous breaths and ventilator
breaths on the basis of capnography for 20 s at the time
of blood gas analysis. For each 20-s sample period, we
determined the maximum, mean and minimum values of
PerCO, (Figure 1). Measurements of PgrCO, that did
not show an alveolar plateau due to a large amount of
leakage were excluded.

The tidal volume was measured by mainstream
capnography (CO2SMO 8100, Fukuda Denshi, Tokyo,
Japan). The leakage ratio was calculated using the fol-
lowing equation:

(Inspiratory TV — Expiratory TV)

Inspiratory TV

x100

Leakage ratio =

Blood samples were drawn from indwelling arterial
lines into a 0.1-mL heparinized syringe to prevent co-
agulation. Blood sampling was performed by heel punc-
ture when arterial line was not placed. Measurements

(93]
(@]

were then immediately made using a bedside blood gas
analyzer (ABL 700; Radiometer, Copenhagen, Denmark)
for PaCO,. Blood gas analysis was performed for the
purposes of evaluation of the patient (including PaO,,
PaCO,, electrolytes or lactate, etc.) only. Calibrations
were performed automatically for the blood gas analyzer
and the accuracy of the capnography was checked by 5%
CO, gas cylinder.

All statistical analyses were conducted using SPSS
Statistics version 17.0 (SPSS, Chicago, Illinois). To de-
termine whether PgrCO, were representative of PaCO,,
the relationship between PgrCO, and PaCO, was ana-
lyzed by simple linear regression. The standard tech-
nique of Fisher’s Z transformation was performed to
determine whether a significant difference existed in the
correlation coefficient r between PaCO, and each group
of P ETCOZ-

Furthermore, Bland-Altman plots were performed to
assess measurements of PgrCO,. Bland-Altman plots
demonstrate “good agreement” not only when differences
between methods are consistent across all measurements
but also when the differences are small. In a situation in
which the difference between measurements is expected
to change based on a third variable, Bland-Altman plots
lose importance. Precision of PgrCO, and the agreement
between PrCO, and PaCO, were assessed by bias, SD
and calculating the 95% confidence interval (CI) for the
bias (bias = PgrCO, — PaCO,). Values of p < 0.05 were
determined to be significant.

This study was carried out under the control of the
Ethics Committee of Medicine and Medical Care, Na-
gano Children’s Hospital, Nagano, Japan.

3. RESULTS

Mean TV/BW and leakage ratio were 7.3 £ 1.7 mL/kg
and 9.5% = 12.0%, respectively (Table 1). All patients
were treated using sedative drugs.

PerCO, and PaCO, were significantly correlated @ =
0.928, p < 0.0001). In the Bland-Altman plot test, the
mean difference (bias) and SD of the differences for
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Figure 1. Continuous recording of PgrCO,. For each 20-s sample period, we determined

maximum A, mean B and minimum C PgrCO,.
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Table 1. Baseline characteristics.

Characteristics Number of patients

Sex
Male 3
Female 1
Inborn/Outbom
Inborn 3
Outborn 1

Underlying disease

Congenital heart disease 2
Intraventricular hemorrhage 1
Perioperative management 1

Gestational age (week)

Mean + SD 36.7£2.1

Range 34-39
Birthweight (g)

Mean + SD 2446 + 487

Range 1778 - 2894
Tidal volume/Body weight (mL/kg)

Mean + SD 73=x1.7

Range 48-8.6
Leakage ratio (%)

Mean + SD 9.5+12.0

Range 0-27

PerCO, was —0.88 £ 2.69 mmHg (95% CI for the bias,
—-1.61 to —0.16 mmHg) (Figure 2). We chose the maxi-
mum for PgrCO, on the basis of capnograms for each
20-s period at the time of blood gas analysis.

Due to breath-to-breath variation, we evaluated three
measurements of PgrCO, to determine which one most
consistently and accurately predicted PaCO,. From 55

80
70 - y=0.9881x-0.3335
60 L R?=0.928
50
40 |
30 +
20 +
10
0

PerCO; (mmHg)

¢} 10 20 30 40 50 60 70 80
PaCO, (mmHg)

(€

measurements, we have selected 24 paired PgrCO, and
PaCO, values which were obtained at the time when
spontaneous breathing was present.

For samples in ventilated infants with spontaneous
breathing, maximum Pg;CO, and mean Pg;CO, corre-
lated strongly with PaCO, (maximum Pg;CO,: 1* =
0.9401, p < 0.0001; mean PgrCO,: r* = 0.8587, p <
0.0001). Although PaCO, also correlated with minimum
PerCO, (1> = 0.2884, p < 0.01) in ventilated infants with
spontaneous breathing, a significant difference was seen
with maximum PerCO, (p <0.05) and mean PgrCO, (p <
0.05) in the correlation coefficient r between PaCO, and
PerCO; (Figures 3(a)-(c)).

Bland-Altman analysis showed that PgrCO, underes-
timated PaCO, by a mean difference (bias) of —0.175 =
2.31 mmHg (95% CI for the bias, —1.15 to 0.799 mmHg)
in the maximum PgrCO,, —5.01 + 3.55 mmHg (95% CI
for the bias, —6.50 to —3.51 mmHg) in mean PgCO,, and
—14.6 £ 8.82 mmHg (95%CI for the bias, ~18.3 to —10.9
mmHg) in minimum PgrCO, (Figures 3(d)-(f)).

4. DISCUSSION

Advances in the treatment of neonatal respiratory failure,
including exogenous surfactant [12,13], inhaled nitric
oxide (iNO) [14,15], and a growing repertoire of assisted
ventilation strategies [16] have decreased morbidity and
mortality rates. Patient monitoring has played a critical
role in the safe and effective application of these ad-
vanced therapies.

Pulse oximetry provides a noninvasive method of as-
sessing oxygenation and continuous surveillance of the
partial pressure of arterial oxygen [17]. Maintaining
PaCO, within the desired range by frequent arterial sam-
pling can increase the need for multiple transfusions in
the NICU [18], highlighting the need for methods of
continuous non-invasive monitoring of CO, levels. Both
hypocarbia and hypercarbia are detrimental to extremely
low birth weight infants and have been implicated as
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Figure 2. The relationship between PerCO, and PaCO, (a) and Bland-Altman plot shows bias against average values of PgrCO, and
PaCO, in ventilated infants (b). PgrCO, and PaCO, were significantly correlated (r* = 0.928, p < 0.0001).
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Figure 3. The relationship between PgrCO, and PaCO, (a), (b) and (c) and Bland-Altman plot shows bias against average
values of PerCO, and PaCO, in ventilated infants with spontaneous breathing (d), (¢) and (f). Maximum PgrCO, and mean
PerCO, correlated strongly with PaCO,. Conversely, PaCO, did not correlate with minimum PgrCO..

causative factors in periventricular leukomalacia, intra-
ventricular hemorrhage and chronic lung disease [19-21].
Critical event analyses have documented that hypoxemia
secondary to depressed respiratory activity is a principal
risk factor for near misses and death [22,23].

Monitoring of PgrCO, is a simple and noninvasive
technique that appears to accurately indicate PaCO, in a
variety of clinical situations [1,24]. However, levels of
PerCO;, and PaCO, depend on ventilation, cardiac output,
CO, output, and pulmonary function; a change in any of
these will cause a change in PgrCO, [25]. For instance, a
growing degree of difference between PrCO, and
PaCO; can indicate the severity of pulmonary embolism
[26] or even the effects of thrombolytic therapy [27].

Copyright © 2012 SciRes.

PerCO, varied appreciably from breath to breath. The
reliability of this value under conditions of significant
ventilation perfusion inequality or heterogeneous tidal
volumes has thus been questioned [28]. In many cases,
spontaneous breaths of variable tidal volumes far out-
numbered ventilator breaths, but still contributed rela-
tively little to alveolar minute ventilation. We found that
maximum PgrCO, during each sampling period showed
the best correlation with PaCO,. A number of investiga-
tors have suggested that larger tidal volumes are neces-
sary to measure PzrCO, accurately, as small (e.g., spon-
taneous) breaths may fail to “wash out” the anatomic
dead space [11,29].

Weinger et al. [30] also found a wide range in differ-
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ences between PrrCO, and PaCO, over time. However,

they measured mean peak PgrCO, over a period of 8 min.

Although averaging maximal PgrCO, values over a
longer time span might improve the stability and reliabil-
ity of PaCO, - PgrCOs,, assessing the respiratory status to
measure PprCO, over a long time would be difficult. The
respiratory apparatus might change second to second.

Takano et al. [31] reported that reliable PprCO, was
obtained when a vital capacity maneuver was performed
on each nonintubeted patient, indicating that full expira-
tion to the maximal expiratory position is necessary for
precise estimation of PaCO,.

Comparison with spontaneous breathing, end tidal
CO, measured from ventilated breath is close to the
PaCO, and to that observed with a voluntary maximal
expiration. This PCO, gradient between ventilator and
spontaneous breathing indicates a large dead-space to
tidal volume ratio; much of the expired CO, appearing
with spontaneous breathing is diluted, with dead space
air lowering the concentration at any point during expira-
tion.

Although our prospective observational study revealed
a good correlation and agreement between PaCO, and
maximum PgrCO,, the present study included only a
very small number of participants, and the conditions of
patients were not constant. Furthermore, in children with
congenital cyanotic heart disease, right-to-left intracardiac
shunting reportedly causes an obligatory difference be-
tween PaCO, and PgrCO, [32,33]. Our subjects included
patients with congenital heart disease because they
showed stable cardiorespiratory status in this study.

This study consisted of only a small number of parti-
cipants, the statistical implications of repeated measure-
ments in the same infants, and the conditions of the cases
were not constant. In addition, we did not adjust for car-
diac output their measurements, though differences in
cardiac output are known to affect PgrCO, measurements
[25]. Therefore, we would like to study these issues in
the future.

5. CONCLUSION

Our results indicate that a good correlation exists be-
tween PprCO, and PaCO, in intubated neonates under
intermittent mandatory ventilation with spontaneous brea-
thing. Furthermore, maximum PgrCO, correlated strongly
with PaCO, compared to minimum PgrCO,. Lightweight
with low amounts of dead space mainstream capnometry
can be used as noninvasive monitor in incubated neo-
nates with spontaneous breathing.
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Qualitative Brain MRl at Term and Cognitive Outcomes at
9 Years After Very Preterm Birth

WHAD'S KNOWN O THIS SUBJECT: Cross-sectional studies have
demonstrated associations between the white matter injury and
cognitive impairment in very preterm born children. Longitudinal
studies confirmed the relationships between cerebral MR! at term
and neurodevelopmental outcomes at up to 2 years old.

WHAT THIS STUDY ABDS: White matter injury (but not gray
matter injury) on term MRI predicted cognitive impairments of
very preterm born infants at 9 years old. Qualitative assessment
of white matter signal intensities showed limited predictive
values of cognitive impairments.
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(BJECTIVE: A prospective study was performed to assess the relation-
ship between the appearance of cerebral MRI at term and the cognitive
functioning at 9 years old in very preterm born infants.

BMETHEDS: Seventy-six very preterm born infants (birth weight <1500 ¢
or gestational age =32 weeks) obtained cerebral MRI at term-equivalent
period, which was assessed by using established composite scores for
the white and gray matter; cognitive outcomes at 9 years old were
assessed in B0 subjects by using Wechsler Intelligence Scale for
Children, Third Edition.

RESULTS: Mildly low scores on the different 1Q indices (<<85) were
observed in 23.3% (verbal 10), 41.7% (performance [Q), and 30.0%
(full-scale 1Q) of the cohort, whereas moderately low scores (<<70)
were noted in 3.3% (verbal 1Q), 11.7% (performance 1), and 11.7%
(full-scale 1Q); cerebral palsy was diagnosed in 10.0%, whereas special
assistance at school was required in 56.7%. Abnormal white matter
appearances predicted mildly low verbal, performance, and full-scale
10s; moderately low performance and full-scale 1Qs; cerebral palsy;
and the requirement for special assistance at school. Abnormal white
matter appearances predicted mild cognitive impairment even after the
adjustment for known clinical risk factors. In contrast, abnormal gray
matter appearances did not predict any of the outcome measures.

$ONCLESIONS: In a cohort of very preterm born infants, abnormal white
matter appearance on term MRI showed consistent associations with cog-
nitive impairments at 9 years old, further supporting the benefit of obtain-
ing term MRI for very preterm born infants. Pediatrics 2012;129:e1138—
e1147
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The recent remarkable increase in the
survival rate for very preterm born
infants raised a concern on their long-
term neurodevelopmental outcome.!
The incidence of severe types of neu-
rologic deficits, such as deafness,
blindness, and cerebral palsy, have
been declining in part because of the
reduced incidence of severe cerebral
injury, such as periventricular hemor-
rhagic infarction and periventricular
leukomalacia (PVL).2% In contrast, cog-
nitive impairments are increasingly
recognized as a prominent form of
neurodevelopmental disorders in very
preterm born infants#5 The range of
cognitive functioning of very preterm
born infants at school age is various, yet
significantly below that of term-born
peers, with more than half of these
children requiring special assistance
at school 82 To provide timely interven-
tions, early prediction of neurodevelop-
mental impairments is essential.

Thus far, cerebral MRI has been used
to identify structural brain abnormali-
ties and related developmental impair-
ments.’® MRI studies of very preterm
born children at school age demon-
strated consistent associations be-
tween white matter volume reduction
and cognitive impairments.''-13 Recent
studies have demonstrated the rela-
tionships between white matter abnor-
malities on term MRI and cognitive
outcomes in very preterm born infants
at 1to 2 years old.'*-8 Additional studies
with longer follow-up periods are still
required, because neurodevelopmental
assessments performed at early child-
hood period may not reflect cognitive
functioning at school age and there-
after,'7-19 either because of the limited
reliability of early assessment tools or
because cognitive function itself may
significantly alter under the influence
of numerous intrinsic/extrinsic factors
such as plasticity, compensation, reor-
ganization of injured brain, environment,
and education.

PEDIATRICS Volume 128, Number 5, May 2012

We conducted a prospective observa-
tional study in very preterm born in-
fants hospitalized at a single tertiary
center to test the hypothesis that ab-
normal MRIfindings at term-equivalent
age predict long-term cognitive impair-
ments at 9 years old.

METHODS

Ethical approval was obtained from the
ethics committee of Nagano Children’s
Hospital. Informed parental consent
was obtained for each participating
infant.

Study Population

The NICU of Nagano Children’s Hospital
is the only level Il unit within the
province of Nagano, which covers the
population of ~2.5 million people in-
cluding its neighbor provinces. Pre-
term infants with birth weight <1500 g
and/or gestational age <34 weeks are
enrolled into a domestic follow-up pro-
gram for very preterm born infants at
the time of discharge; we aim to obtain
cerebral MRI between 38 and 42 weeks
corrected age; neurodevelopmental
outcomes are assessed at 18 and 36
months corrected age and 6 years chro-
nological age by using individualized as-
sessment tools.

0f 1156 newborn infants who were
hospitalized between August 1995 and
March 2001, 380 infants met the entry
criteria of the follow-up program. How-
ever, 236 subjects were transferred to
local level /Il units before discharge, and
mothers of 27 subjects moved back to
theirhome provinces after giving birthin
Nagano (giving birth at parents’ home
siteis common in Japan29); these infants
were followed-up at their local hospitals
(Fig 1). The remaining 117 subjects were
enrolled into the follow-up program,
whose cognitive outcome at 6 years old
have been reported elsewhere.2! For
the current study, we recruited 76 very
preterm born infants (birth weight
<1500 g and/or gestational age =32

weeks) from the follow-up program,
excluding 14 infants with major chro-
mosomal abnormality or multiple con-
genital malformation, 2 infants with
gestational age >32 weeks and birth
weight =1500 g, and 25 infants whose
MRI was not obtained before 42 weeks
corrected age (Fig 1).

MBI Scans and Assessments

T1- and T2-weighted imaging and fluid-
attenuated inversion recovery (FLAIR)
imaging were obtained by using a 0.5-
Tesla MRl system (Gyroscan NT3, Phillips,
Best, Netherlands). The MRI methods
used were T1-weighted imaging (repe-
tition time, 384 milliseconds; echo time,
18 milliseconds), T2-weighted imaging
(repetitiontime, 4000 milliseconds; echo
time, 120 milliseconds), and FLAIR im-
aging (inversiontime, 1800 milliseconds;
repetition time, 6000 milliseconds; echo
time, 140 milliseconds), with a slice
thicknessof6 mmand animaging matrix
of 256 X 256 (Fig 2). Two investigators,
blind to patient details, examined each
scan independently; the evaluations of 1
investigator were used only for the as-
sessment of interobserver variability?*:
all other results were based on the
assessments of the other investigator.

We used an established scoring system
for immature brain on T1- and T2-
weighted imaging,’%22 which consists
of 5 and 3 subcategories for the white
matter and gray matter, respectively.
Each subcategory used a 3-point scale
to give composite scores; abnormal
findings in the white matter were then
classified into no (score 5-6), mild
(score 7-9), moderate (score 10-12),
and severe (score 13—15) abnormality;
no subject was ultimately assigned into
severe abnormality in the current study
population; abnormal findings in the
gray matter were divided into 2 groups
of normal (score 3-5) and abnormal
(score 6-9). For the evaluation of the
white matter, the presence of diffuse
excessive high signal intensity (DEHSI)
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1156 hospitalized between 08/1995 and 03/2001
~ 380 <1500 g and/or <34 weeks' gestational age

283 exciuded
- 236 wansferred to local level i hospitals
-27 moved back to their own provinces

117 registered into the domestic follow-up program
{afl underwent term MR}

41 did not meet the study criteria
- 25 MRI >42 weeks' corrected age
- 14 had major anomaly and/for
chromosomal abnormality
-2 21500 g and »32 weeks

76 prospectively enrolled into the study at discharge

16 lost to follow-up
- 13 moved to other provinces
«1 died
-2 unknown reasons

80 assessed neurologically at 9 years old

FIGBRE 1

Flow of participants through the longitudinal study. During the study period, 380 infants met the criteria
for the domestic follow-up program; however 263 subjects, who were either transferred to local
hospitals before discharge or moved back to their parents’ own provinces after discharge, were un-
available. Of 117 subjects who were enrolled to the follow-up program, 76 very preterm born infants
without major congenital diseases were recruited for the prospective study.

on T2-weighted imaging and abnormal
signal intensity on FLAIR imaging were
also identified; FLAIR imaging was
classified into 4 grades of normal,
mildly abnormal (mild to moderate
low-intensity), moderately abnormal
(low-intensity equivalent to cerebro-
spinal fluid), and severely abnormal
(widespread heterogeneous intensity;
no subject was ultimately assigned into
this grade; Fig 2 A and B) 2

Ouicoms Measures

At 9 years old (chronological age), the
Wechsler Intelligence Scale for Children,
Third Edition was performed to assess
verbal, performance, and full-scale 1Qs
by an experienced psychologist who was
blind to the MRI data. At the same time,
the presence of hypertonicity, hyper-
reflexia, dystonia, and spasticity was

e1140 IWATA et al

assessed to identify cerebral palsy by
consultant neonatologists; parents were
also asked whether their children re-
quired special assistance at school be-
cause of problems in social, emotional,
and behavioral adaptation.

flata Analysis

To assess the potential bias on the
participants, background clinical vari-
ables were compared between the study
cohort and their peers who were ex-
cluded because of the late timing of MRI
scans by using analysis of variance, X2
test, or Fisher exact test, as appropriate.
The relationship between MRI findings
was assessed by using Spearman rank
correlation coefficient. For the purpose
of additional analyses, MRI findings
were dichotomized into normal or ab-
normal (mild to severe). The outcome

measures were compared between
subjects with or without abnormal MRI
findings by using analysis of variance,
X2 test, or Fisher exact test, as ap-
propriate. The predictive ability of
abnormal MRI findings on the out-
come measures, including mild (1Q
<(85) and moderate (IQ <70) cognitive
impairments, was assessed by using
logistic regression analysis (verbal 1Q
<70 was not used as a dependent var-
iable because of only 2 corresponding
subjects).?s For dependent variables
with incidence >10 (IQs <85 and re-
quirement for special assistance at
school), the predictive ability of MRI
findings were assessed with adjust
ment for known clinical risk factors of
cognitive impairments, such as gesta-
tional age <<28 weeks and cystic PVL;
birth weight, which showed marked
collinearity with gestational age, and
severe intraventricular hemorrhage,
which corresponded to only 1 subject at
9 years old, were not entered into the
multivariate model. We aimed to use
additional cofactors from the clinical
variables listed in the Tabie 1 on the
basis of the results from univariate
analysis; eventually no variable was in-
cluded because of the lack of correla-
tions between adverse outcomes and
clinical variables other than the gesta-
tional age and cystic PVL.

REBULIS

The 76 subjects within the study cohort
had significantly greater birth weight,
shorter duration on the positive pres-
sure ventilation, and smaller incidence
of intrauteral growth restriction com-
pared with their 25 peers, whose MRI
was acquired after 42 weeks’ corrected
age; no difference was observed for
other background variables (Table 1).

MBI Findings af Term

Interrater reliabilities for the category
assignments of the white matter and
gray matter were k = 0.80 and k = 0.82
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FHGURE 2

Representative MRI findings: A and B, Term MRI of an infant born at 28 weeks’ gestation. The signal
intensity of the white matter is excessively low on FLAIR imaging (A) and significantly increased on
T2-weighted imaging (B). Except for mildly immature patterns of myelination of the posterior limb
of the internal capsule and cortical folding, no abnormal cerebral architecture is noted. G, T2-
weighted imaging of an infant born at 30 weeks’ gestation demonstrates mild ventricular di-
latation, bilateral periventricular cysts (arrows), and mild volume reduction of the gray and white
matter. The architecture of the central gray and white matter is relatively preserved. D, T2-
weighted imaging of an infant born at 25 weeks’ gestation shows moderate dilatation of the lateral
ventricles and moderate atrophy of the gray and white matter with an abnormal cortical folding

pattern.

respectively. Agreement in the evalua-
tion of DEHSI (T2-weighted imaging) and
abnormal white matter signal intensity
(FLAIR imaging) was also high (k = 0.65
and k = 0.78, respectively). Of 76 infants,
abnormal high composite scores for the
white matter and gray matier were ob-
served in 24 (31.6%) and 16 (21.1%)
infants, respectively, whereas DEHSI
on T2-weighted imaging and abnormal
white matter intensity on FLAIR imaging
was noted in 13 (17.1%) and 58 (76.3%)
infants, respectively. The presence of

PEDIATRICS Volume 129, Number 5, May 2012

white matter abnormalities based on
composite scores was positively cor-
related with the presence of gray mat-
ter abnormalities (r = .60, P << .001),
DEHSI on T2-weighted imaging (r =34,
P < .005), and abnormal white matter
signal intensity on FLAIR imaging (r =
23, P << .08).

Reurodevelopmental Qutcomes

At age 9 years, 16 subjects were lost to
follow-up because of family relocation to
other provinces (n = 13), mortality by an

accident (n = 1), or lost contact (n = 2
follow-up rate, 78.9%). Moderately low
verbal, performance, and full-scale 1Qs
<70 were recorded in 2, 7, and 7 sub-
jects, respectively, whereas mildly low
IQs <<85 were noted in 14, 25, and 18
subjects, respectively. Gerebral palsy
was diagnosed in 6 subjects; parents of
34 subjects reported the requirement
for special assistance at school.

Torm MBI Findings and
Neurodevelopmental Guicomes

Subjects with abnormal white matter
appearances based on the composite
assessment had lower verbal (P << .005),
performance (P < .001) and full-scale
(P <C .001) 1Qs, a higher incidence of
cerebral palsy (P < .05), and a greater
rate of subjects who require special
assistance at school (P < .005) com-
pared with their peers with normal
findings (Table 2). Neither abnormal
gray matter appearances nor DEHSI
on T2-weighted imaging were associ-
ated with any of the outcome mea-
sures (Tables 3 and 4). Subjects with
abnormal white matter intensities on
FLAIR imaging had lower verbal and
full-scale 1Qs (both P << .05) compared
with their peers with normal findings
(Table 5).

The presence of white matter injury
defined by the composite assessment
predicted mildly low verbal (odds ratio
[OR] 6.3, 95% confidence interval [Cl]
1.7-23.9), performance (OR 7.1, 95% Cl
2.2-22.8), and full-scale (OR 8.3, 95% C!
2.4-29.1) 10s, moderately low perfor-
mance (0R 12.7, 95% Gl 1.4-114.0) and
full-scale (OR 12.7, 95% Cl 1.4—114.0)
10s, incidence of cerebrai palsy (OR
10.0, 95% Gl 1.1-92.1), and the re-
quirement for special assistance at
school (OR 7.0, 95% Cl 2.0-24.6) (Tables
6 and 7; see online Supplemental Table
8 for the predictive value of each ele-
ment from the composite assessment).
After the effect was adjusted for ges-
tational age and cystic PVL, significant

el141
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TABLE 1 Patients’ Characteristics

Study Cohort (n=76) Exclusion Due to Late MRI (n = 25) P

Clinical variables

Birth wt, g2 1118 & 262 (560-1747) 884 *+ 273 (483-1580) <.001
Gestational age, wka 286 * 2.5 (23.7-34.6) 27.5 £ 2.1 (23.4-32.6)
Female gender 30 (39) 13 (52)
Multiple birth 22 (29) 11 (44)
Intrauterine growth restriction 8 (11) 10 (40) <.005
<2 SD below the average for
gestational age
Antenatal steroids 29 (38) 9 (36)
Days on positive pressure 39.2 = 40.1 (0-274) 67.8 + 39.6 (4-186) <.001
ventilation?
Chronic lung disease with oxygen 26 (34) 14 (56)
requirement on day 28- or
36-wk corrected age
Symptomatic patent ductus 23 (30) 8 (32)
arteriosus
Necrotizing enterocolitis with 2 (3) 0O

requirement for surgical
intervention

Intraventricular hemorrhage, grade 2(3) 0 (0)
1I/IV based on Papile classification

Cystic periventricular leukomalacia 11 (14) 3(12)

Values are shown as the number of corresponding subjects (%). P values are from X2 test, Fisher exact test or analysis of
variance.
aMean * SD (range).

TABLE 2 Neurodevelopmental Outcome at 9 Years in Subjects With or Without Abnormal MRI
Findings: Composite Assessment of White Matter

Normal (n = 37) Abnormal (n = 23) P
10
Verbal 100.8 = 129 887 = 170 <.005
Performance 93.5 £ 124 786 = 175 <.001
Full scale 97.0 = 112 82.3 = 166 <.001
Incidence of cerebral palsy (%) 1(3) 5 (22) <.05
Requirement for special assistance at school (%) 15 (41) 19 (83) <.005

Values are shown as the number of corresponding subjects (%) or mean = SD. Pvalues are from )(2 test Fisher exact
test, or analysis of variance.

TABLE 3 Neurodevelopmental Outcome at 9 Years in Subjects With or Without Abnormal MRI
Findings: Composite Assessment of Gray Matter

Normal (n = 46) DEHSI (n=14)
0
Verbal 96.4 + 154 95.1 £ 170
Performance 88.3 = 16.0 86.1 £ 17.3
Full scale 91.8 = 15.0 90.1 = 164
Incidence of cerebral palsy (%) 4(9) 2 (14)
Requirement for special assistance at school (%) 26 (57) 8 (57)

Values are shown as the number of corresponding subjects (%) or mean = SD.

predictive ability of abnormal white
matter appearances was still identified
on mildly low verbal (OR 6.2,95% Gl 1.5—
25.1), performance (OR 6.0, 95% CI 1.7—
20.9), and full-scale (OR 6.3, 95% Cl
1.7-23.4) 1Qs, as well as the requirement
for special assistance at school (OR 5.9,

e1142 IWATA et al

95% Cl 1.6—22.2; Table 6). The presence
of abnormal gray matter appearance
identified by the composite assessment
and DEHSI on T2-weighted imaging did
not predict any of the outcome mea-
sures. Abnormal white matter intensi-
ties on FLAIR imaging predicted verbal

10 (OR 104, 95% C! 1.1-98.7) only after
adjustment for gestational age and cys-
tic PVL.

DISCUSSION

In a cohort of very preterm born infants,
we have demonstrated consistent asso-
ciations between abnormal white matter
appearances on term MRI and cognitive
impairments, incidence of cerebral palsy,
and requirement for special assistance
at school at 9 years old. In contrast,
abnormal gray matter appearances did
not predict cognitive outcomes. Our
current findings supported the benefit
of obtaining cerebral MRI at term after
very preterm birth to identify a subset
of infants who may require additional
follow-up supports.

Abnormal White Maiter
Appearance and Cognitive Outcome

Lomposite Assessment of White
Matter and Dutcome

The impact of white matter injury in very
preterm born children has thus far been
emphasized in conjunction with later vi-
sual perceptual impairment; impaired
ability to process and comprehend the
visual input has been linked with lower
performance 1Q.1324-26 Qur current find-
ings suggest that the white matter injury
in very preterm born infants may also be
responsible for the impairment in fan-
guage processing tasks. In addition to
the associations with the incidence of
cognitive impairment and cerebral palsy,
abnormal white matter appearances
were associated with the requirement
for special assistance at school; this is
not surprising given the relationship
between a childs cognitive ability and
adaptation to school after very preterm
birth.427 Early diagnosis of cognitive
impairment is still challenging;'7-18
however, term MRl may help screen
a group of very preterm born infants
at increased risks of cognitive im-
pairment. Future studies need to test
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TABLE 4 Neurodevelopmental Outcome at 9 Years in Subjects With or Without Abnormal MRI
Findings: Qualitative Assessment of White Matter Signal Intensities on T2-Weighted

Imaging
Normal (n = 50) DEHSI (n = 10)

10

Verbal 96.8 = 16.2 925 = 124

Performance 88.3 = 156 85.2 = 19.5

Full scale 92.1 = 15.0 88.0 = 164
Incidence of cerebral palsy (%) 5 (10) 110
Requirement for special assistance at school (%) 27 (54) 7(70)

Values are shown as the number of corresponding subjects (%) or mean = SD.

TABLE 5 Neurodevelopmental Outcome at 9 Years in Subjects With or Without Abnormal MRI
Findings: Qualitative Assessment of White Matter Signal Intensities on FLAIR Imaging

Normal (n= 16) Abnormal (n = 44) P
1Q
Verbal 1046 £ 16.2 93.1 = 144 <.05
Performance 934 =122 85.7 £ 17.0
Full scale 994 = 13.2 88.5 = 149 <.05
Incidence of cerebral palsy (%) 1(6) 5(11)
Requirement for special assistance at school (%) 7 (44) 27 (61)

Values are shown as the number of corresponding subjects (%) or mean = SD. Pvalues are from y® test, Fisher exact test, or

analysis of variance.

the hypothesis by using domain-
specific assessment tools of cognitive
functioning.

Pattern of White Maotter Injury in the
Study Cohort

Because the survival rate of very pre-
term born infants at Nagano Children’s
Hospital was reasonably fair (survival
rates of infants born at 23-24 [68%]
and 25-26 [79%)] weeks’ gestation be-
tween 1995 and 2001 were comparable
to average rates for Japanese level lll
units in 200528), background charac-
teristics, such as low rates of antenatal
steroid and inborn admission, may
negatively influence the quality of sur-
vival. However, in our study population,
extensive white matter injury was rare;
even in the subjects with cystic PVL
(our cohort had a relatively high in-
cidence of cystic PVL), most lesions
were small and focal and were rarely
accompanied by marked white matter
atrophy. The small incidence of severe
intraventricular hemorrhage may con-
tribute to white matter sparing; sub-
jects with extensive white matter injury
might be excluded from the cohort
because of selection biases; however,

PEDIATRICS Volume 129, Number 5, May 2012

moderate to severe white matter injury
was also rare for subjects who were
excluded fromthe cohort because of the
late timing of MRI scans. In addition to
the clinical backgrounds, the threshold
of the injury-score assignment in our
institution might be higher compared
with the original classification,’s be-
cause interinstitutional variations of
qualitative MRI assessments are com-
mon.212330 However, given the high
interrater agreement of the MRI as-
sessment, there would be only limited
influence of bias on the current data
interpretation.

Abnormal White Matter Signal
intensity and OQufcome

In our previous study in a cohort of
moderately preterm born infants, the
presence of DEHSI on term T2-weighted
imaging (observed in 17% of the sub-
jects) was associated with low full-scale
10s, whereas abnormal white matter
intensities on FLAIR imaging (63%) was
association with unfavorable perfor-
mance and full-scale 10s at 6 years
old; abnormal findings on FLAIR imag-
ing were mainly associated with mild
cognitive impairments, whereas DEHSI

appeared to be specific to relatively
more severe impairments.?' In our
current study, which prospectively fol-
lowed up a part of the previous cohort
with more strict entry criteria in ges-
tational age and timing of MRI scans,
associations with performance 1Q were
not observed for these abnormal signal
intensities; instead, a modest correla-
tion was observed between abnormal
intensities on FLAIR (but not T2-weighted)
imaging and verbal 1Q. It is unclear why
abnormal findings onterm FLAIR imaging
was associated with different IQ domains
at different developmental stages. Stan-
dard cognitive batteries may be insen-
sitive to subtle verbal impairments at
earlier ages, and the difference might
be caused by chance given the limited
associations between abnormal signal
intensities and cognitive outcomes. Re-
gardless of the explanation, the evalua-
tion of term MRI based solely on the
white matter signal intensity may not
provide precise estimation of long-term
outcomes; the composite assessment
should be prioritized to other MRI
markers.

Abnormal Gray Matter Snpearancs
angd Guicome

In very preterm born children, reduced
cortical gray matter volume has also
been associated with poor cognitive
outcome at school age.'31.32 |n our
current study, abnormal gray matter
appearances at term were associated
with the presence of white matter in-
jury but not with any of the outcome
measures at 9 years old. Previous
studies observed a stronger correla-
tion of cognitive outcomes with white
matter injury compared with gray
matter injury,'533 which is consistent
with our current findings. Cortical gray
matter lesions may contribute less to
the later cognitive functioning; neuro-
logic functioning associated with gray
matter injury might be affected more by
repairing process, plasticity, and ex-
trinsic factors such as education and
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TABLE § Predictive Ability of MRI Findings on Neurodevelopmental Outcomes at 9 Years

Special Assistance
Verbal 1§ <85 Performance Full-scale Performance Full-scale Cerebral Palsy S —

(n=14) 1@ <85(n = 25) 10 <85 (n=18) Q<70 (n=7) Q<70(n="7) (n=6) (n=34)

OR (95% CI) OR (95% CI) OR (85% CI) OR (85% CI) OR (95% C OR (95% CI) OR (95% Ch

Univariate analysis
Clinical variables

Birth wt <1000 g 19 05 (0.1-2.1) 19 (0.6-5.8) 1.1 (0.3-3.6) 09 (0.2-4.8) 0.3 0.0-2.9) 1.1 (0.2-8.5) 0.8 0.3-2.4)
Gestational age <28 wk 23 28 (0.8-9.4) 27 0.9-79) 5.6 (1.7-18.7)* 49 (0.9-27.6) 24 (0.5-11.8) 1.7 (0.3-9.2) 24 0.8-7.2)
Female gender 24 0.3 (0.1-1.3) 10 (04-29) 1.3 (0.4-4.0) 056 0.1-3.2) a 34 (0.6-20.3) 06 (0.2-1.8)
Multiple birth 18 21 (0.6~7.4) 04 (0.1-1.4) 09 (0.3-2.9) 09 (0.2-5.3) 19 (0.4-9.5) 04 (0.1-4.0) 0.7 (0.2-2.1)
Intrauterine growth restriction 6 06  (0.1-59) 15 (03-79) 12 (02-72) a 16 (0.2-16.1) a 07  (0.1-4.0)
Antenatal steroids 23 09  (0.3-3.0) 05  (02-14) 07  (0.2-23) a 02  (0.0-2.1) a 06  (02-186)
Chronic lung disease 21 16 (0.5-5.3) 08 (0.3-24) 18 (0.6-5.6) 0.3 (0.0-2.5) 0.7 0.1-4.1) 03 (0.0-3.1) 10 (04-3.0)
Symptomatic patent ductus 17 16 (0.4-5.6) 1.0 (0.3-3.0) 14 0.4-4.7) 04 (0.0-3.5) 10 (0.2-5.8) 29 (0.5-15.8) 11 (0.4-3.5)
arteriosus
Necrotizing enterocolitis 1 a a a a a a a
Intraventricular hemorrhage 1 8 8 a 8 a a 8
(grade Il or IV)
Cystic PVL 10 0.8 (0.2—4.3) 78 (1.5-40.7)* 28 0.7-11.4) 49 (0.9-26.9) 23 (0.4-13.7) 29 (0.5-18.4) 3.0 (1.1-76.4)*
Abnormal MRI findings
Composite assessment
White matter 23 6.3 (1.7-239* 71 (2.2-228)** 83 (24-29.1)y* 127 (14-1140)* 127 (14-114.0)* 10.0 (11-921)* 70 (2.0-24.6)***
Gray matter 14 09 (02-3.7) 1.6 (0.5-5.2) 09 (0.3-3.4) 05 0.7-47) 14 (0.2-8.0) 18 (0.3-10.7) 1.0 (0.3-3.4)
White matter signal intensity
DEHSI on T2-weighted imaging 10 15 (0.3-6.9) 09 (0.2-3.7) 1.7 (0.4-7.0) 08 (0.1-7.6) 08 (0.1-7.6) 1.0 (0.1-9.6) 20 (0.5-8.6)
FLAIR imaging 44 6.3 (0.8-52.7) 18 (0.6-6.2) 40  (0.8-19.9) a a 19 (0.2-17.9) 20 (0.6-6.5)

Multivariate analysis
Adjusted for abnormal

MRI findings
Composite assessment
White matter 23 62  (15-25.1)* 60  (1.7-209)* 63  (1.7-234)** b b b 59  (1.6-222)*
Gray matter 14 07 (0.2-3.3) 13 (0.4-4.9) 06 (0.2-2.8) b b b 08 (0.2-3.1)
White matter signal intensity
DEHSI on T2—-weighted imaging 10 15 (0.3-7.1) 0.6 0.1-2.8) 13 (0.3-6.2) b b b 15 (0.3-7.3)
FLAIR imaging 44 104 (1.1-98.7)* 14 (0.4-5.1) 5.6 (0.9-34.6) b b b 16 (0.5-5.7)

Values are shown as the number of corresponding subjects or mean (95% Cl). Pvalues (*P < .05, **P < .01, and **P < .005) are from logistic regression analysis. Analysis was not conducted for verbal IQ <70 because of insufficient corresponding
subjects.

2 Analysis was not conducted because of the complete separation of subjects.

b Analysis was not performed because of insufficient corresponding subjects.




TABLE 7 Sensitivity, Specificity, and Positive Likelihood Ratio of Composite Assessment on MRI in Predicting Cognitive Impairment at 9 Years Old

Abnormal Findings on Composite Assessment

Abnormal White Matter Signal Intensity

White Matter Gray Matter DEHS! on T2-Weighted Imaging FLAIR Imaging
Sens (%) Spec (%) LR+  Sens (%) Spec (%) LR+  Sens (%) Spec(%) LR+  Sens (%) Spec (%) LR+
Cognitive impairment

Verbal 1Q <85 Value 71 72 2.5 21 78 09 21 85 14 93 33 14
95% Gl 45-88 57-83 1445 8-48 62-86  0.3-28 8-48 72-92  04-47  69-99 21-47  1.1-18

Performance IQ <85 Value 64 80 3.2 28 80 14 16 83 09 80 31 12
95% Cl 4580 64-90 16-66  14-48 64-90  0.6-35 6-35 67-92 03-30 61-91 19-48  09-16

Full-scale 1Q <85 Value 72 76 3.0 22 78 09 22 86 1.6 89 33 1.3
95% Gl 49-88 61-87  1.6-56 9-45 61-87  0.3-26 9-45 72-93 0549  67-97 21-48  1.0-17

Verbal 1@ <70 Value 100 64 2.8 50 78 22 0 83 0 100 28 14
95% Gl 34-100 51-75  2.0-39 9-91 65-86  0.5-9.7 0-66 71-80 NA 34-100 18-40 12-16

Performance 10 <70 Value 86 68 27 14 75 0.6 14 83 0.8 100 30 14
95% Gl 49-97 54-79  1.6-44 3-51 62-85  0.1-3.8 3-51 71-91  0.1-57  65-100 20-44  12-17

Full-scale 10 <70 Value 86 68 2.7 29 77 13 14 83 08 100 30 14
95% Gl 49-97 54-79  16-44 8-64 64-87  04-45 3-51 71-91  0.1-57  65-100 20-44  12-17

Cerebral palsy Value 83 67 25 33 78 1.5 17 83 1.0 83 28 1.2
95% CI  44-97 53-78  1.5-42  10-70 65-87  04-52 3-56 71-91  02-66  44-97 18-41  08-17

Special assistance Value 56 85 3.6 24 77 10 21 88 17 79 35 12
95% Gl 39-71 66-94 14-94  12-40 58-89  04-26  10-37 71-96 05-62  63-90 19-54  09-17

LR+, likelihood ratio for a positive finding; NA, not applicable: Cl not calculated because of the null sensitivity; Sens, sensitivity; Spec, specificity.

family environment compared with
white matter injury.

Thus far, gray matter injury has been
predominantly linked with cerebral
injury for term-born infants, whereas
white matter injury has been recog-
nized as a prominent injury form for
very preterm born infants.2 However,
recent studies highlighted that white
matter injury and gray matter injury
may coexist in both preterm and term
subjects.325435 Studies in preterm
infants suggest an association be-
tween gray matter abnormalities and
moderate to severe (but not mild)
white matter abnormalities’®22; the
lack of correlations between gray
matter injury and cognitive outcomes
in our cohort may be in part caused
by the difficulty in identifying subtle
gray matter injury at term because
of insufficient cortical gray matter
volume.

Strengths and Limitations

To our knowledge, this is the first
longitudinal study to compare term
MRIfindings with neurodevelopmental
outcomes at middle school age. However,
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given the dramatic alteration of higher
cognitive functions after school age,
additional studies with longer follow-up
periods are necessary. The follow-up
rate of our study would be acceptable
for the period of 9 years; the cohort size
was medium; however, it was still too
small to incorporate sufficient num-
ber of clinical variables within the mul-
tivariate model; several important
cofactors, such as maternal educational
level and socioeconomic status, were
unavailable.

MRI was obtained by using a relatively
low magnetic field, which provided
brain images with lower resolutions
and thicker slices compared with those
obtained by modern scanners. Our
current study used qualitative assess-
ment of term MRI as an established
predictor of neurodevelopmental out-
comes at 2 to 4 years old™1635, the
evaluation of MRI might be slightly dif-
ferent from other institutions; assess-
ments using quantitative MRI, such as
apparent diffusion coefficient and frac-
tional anisotropy, may provide additional
diagnostic value. We used Wechsler In-
telligence Scale for Children, Third Edi-
fion as the cognitive battery, which has

also been standardized for Japanese
children; we were unable to assess the
motor function.

Selection biases, including background
characteristics of the unit and patients’
clinical conditions, were not completely
eliminated; indeed, the infants with
intrauteral growth restriction were
more likely to undergo MRI after 42
weeks corrected age; of the 16 infants
who were lost to follow-up, only 1 and
2 infants showed abnormal white mat-
ter and gray matter abnormalities,
respectively, based on the composite
assessment. These limitations should
be considered when interpreting our
findings.

CORCLUSIGNS

Our findings build on previous reports
observing that very preterm born
children are more likely to suffer a
range of neurodevelopmental impair-
ments compared with their peers.
Consistent relationships between white
matter injury at term and altered cog-
nitive functioning at 9 years old were
observed. Because ultrasound scans
are insensitive to most MRI findings, 1537
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