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Abstract

Despite the positive survival trend in infants born prematurely, the risk for development of

intracranial lesions has remained unchanged. However, there are limitations to our under-

standing of the pattern of the magnetic resonance imaging (MRI) -detected brain pathology

in the preterm infants surviving to discharge. The present study outlines the type of intracra-

nial lesions and factors allied with the neonatal brain hemorrhage (NBH) and white matter

injury (WMI) seen on MRI at term-equivalent age or close to discharge in infants born before

29 weeks of gestation. We obtained demographic and clinical data, and reports of serial cra-

nial ultrasound (CUS) performed during first month of life and qualitative MRI at term-equiv-

alent age or close to discharge. Statistical comparison was conducted with respect to the

MRI results that were classified as normal, WMI, and NBH using univariate and logistic

regression analysis. One hundred and ninety three infants with MRI at term-equivalent age

or close to discharge were included in final analysis. They were less mature and had a

higher prevalence of pathological findings on CUS as compared with 249 other survivors

born with gestational ages less than 29 weeks during the assigned study period. MRI was

normal in 72.5% [95% Confidence Interval (95% CI 65.9%-78.4%)], showed WMI in 9.8%

(95%CI 6.4%-14.9%) and NBH in 17.6% (95%CI 12.9–23.6) of the studied infants. Intracra-

nial hemorrhages had also been reported in 42.2% of the infants with WMI. Except for mod-

erate agreement with prior CUS results, no other factors were associated with the MRI

detected pathological findings. In general, the likelihood for detection of WMI and NBH on

MRI at term-equivalent age or close to discharge was reduced by approximately 80% and

70%, respectively if the serial CUS had not shown any abnormalities during the first month

of life.
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Introduction

A large body of evidence demonstrates an encouraging survival trend in prematurely born

infants [1, 2]. However, the risk for development of intracranial lesions that are mainly associ-

ated with the vulnerability of the immature brain to oxidative stress, hemodynamic instability

and inflammation, has remained unchanged [3, 4]. The key role of intracranial injury in the

development of serious neuropathology in prematurely born infants is a noticeable public

health concern related to the consequences of preterm delivery [5,6]. With that in mind, serial

cranial ultrasound (CUS) imaging was initiated to ensure surveillance of intracranial findings

in very preterm born infants during their birth hospitalization [7,8]. Magnetic resonance

imaging (MRI) was also suggested for the precise detection of white matter injury (WMI) [9–

12] because the contribution of WMI to the development of preterm-birth associated neuropa-

thology is fully acknowledged [13–15]. Periventricular leukomalacia (PVL) and other WMI

such as encephalomalacia, hemorrhage in white matter, post-hemorrhagic ventriculomegaly,

ventricular dilation, porencephaly, and altered cerebral volume, contribute significantly to the

development of long-term neurodevelopmental deficits in premature infants [13,15–18]. Neo-

natal brain hemorrhage (NBH) including intraventricular hemorrhage (IVH) and germinal

matrix hemorrhage also contribute to the neurological morbidities seen in prematurely born

infants [19–21]. Despite the relevance of the neuroimaging findings in the development of

long-term neuropathology, the pattern of MRI-detected lesions in surviving preterm neonates

is still the subject of discussion. The literature on this topic is limited to the several reports that

vary in the gestational age of the study participants and classification of the findings detected

on pre-discharge MRI [16,22,23].

This study was primarily designed to evaluate the pattern of the MRI-detected intracranial

hemorrhages and white matter alterations reported in surviving neonates born at a gestational

age of less than 29 weeks. We aimed to assess not only the prevalence of WMI and NBH, but

also the associated factors and agreement between the data detected on serial CUS and MRI

performed at term-equivalent age or close to discharge. The results of this study may contrib-

ute to a better understanding of the causal pathways of the intracranial lesions diagnosed in

surviving infants born at less than 29 weeks gestation, and therefore, may help in the creation

of preventive strategies to reduce the burden of prematurity-related long-term

neuropathology.

Materials and methods

The study (Pro 20150001473) was approved by the Institutional Review Board at Rutgers Rob-

ert Wood Johnson Medical School without any parental consent being required.

We used the electronic medical records (EMR) to identify neonates born at less than 29

weeks gestational age and admitted to the level III Neonatal Intensive Care Unit (NICU) at

Bristol-Myers Squibb Children’s Hospital—Robert Wood Johnson University Hospital

(RWJUH) between January 1, 2004 and December 31, 2014. A standardized tool was con-

structed to collect the demographic, clinical and neuroimaging data on all the preterm infants

born prior to 29 weeks gestation and hospitalized during the study period. The collected

maternal data included parity (nuliparity vs. multiparity), type of pregnancy (singleton vs.

multiple), mode of delivery (cesarean vs. vaginal), preterm premature rupture of membranes

(PPROM), clinical chorioamnionitis, pre-eclampsia, fetal distress, and placental pathology

(abruption, previa). Information regarding the administration of intrapartum corticosteroids

and magnesium sulfate (MgSO4) whether for tocolysis/neuroprotection/pre-eclampsia treat-

ment was also collected. The neonatal data that was collected included gestational age (GA)

in completed weeks, birth weight (BW), Apgar scores at 1 and 5 minutes, and neonatal
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morbidities such as echocardiography-detected patent ductus arteriosus (PDA), clinical sepsis,

necrotizing enterocolitis (NEC), seizures, apnea of prematurity, and severe thrombocytopenia

(<50,000/mL).

Analysis of the neuroimaging data

We reviewed the neuroimaging reports from sequential CUS performed within the first week

and at 3–4 weeks of post-natal age, and MRI that was completed at term-equivalent age or

close to discharge. The IVH seen on CUS was reported as grade I (hemorrhage isolated to the

germinal matrix), grade II (with intraventricular extension but without ventricular enlarge-

ment), grade III (with intraventricular extension and ventricular enlargement), and grade IV

(with intraventricular and intraparenchymal involvement) [24]. CUS detected localized or dif-

fuse periventricular echolucency was classified as cystic or no cystic PVL [11]. MRI data were

acquired using a 1.5 Tesla General Electric Excite system (GE Medical Systems, Milwaukee,

WI) and the same imaging protocol for all patients during the 10 year study period. The proto-

col includes: axial diffusion weighted imaging (DWI), sagittal short inversion time inversion

recovery (STIR), axial T1 sequence, axial gradient echo sequences (Axial GRE), axial

T2-weighted propeller, axial T2 fluid attenuation inversion recovery (FLAIR), and apparent

diffusion coefficient (ADC). MRI outlines the structural alterations of the white matter, hem-

orrhages, and ventricular size based on configuration of T1 and T2 intensities:(i) T1 hypoin-

tensities and T2 hyperintensities to identify the undermyelination, demyelination, neuronal or

axonal loss and gliosis, and (ii) T1 hyperintensities and T2 hypointensities, and T2� hypointen-

sities from gradient echo to detect hemorrhage, and mineralization. Signal intensity changes

detect the structural alterations in the white matter, such as cysts, cavitations, and atrophy as

well as hemorrhages in germinal matrix and IVH, and post-hemorrhagic hydrocephalus [25].

Based on the above-mentioned techniques, the MRI findings were reported as either normal

or showing a variety of lesions in the white matter (WMI) or neonatal brain hemorrhage

(NBH). Moreover, the MRI reports provided to the clinicians included a comparison with

prior CUS studies and identified the stage of hemorrhage and whether the IVH had resolved,

remains unchanged, or residual.

Definition of the study groups

The current report includes an analysis of infants born at less than 29 weeks of gestation, who

survived to discharge and underwent a cranial MRI at close to a term equivalent age or prior

to discharge as ordered by the attending neonatologist. The infants were grouped based on

their MRI findings. A review of the MRI reports revealed the variability of findings, including

no abnormality (normal), lesions in the white matter (PVL, encephalomalacia, porencephaly,

altered cerebral volume, hemorrhage in the white matter, and post-hemorrhagic ventricular

dilatation), and hemorrhages at different stages (resolved, residual, unchanged) in the ventri-

cles and germinal matrix. Given the small number of children with different abnormalities in

white matter, those with any WMI were combined for the purpose of this analysis. We sum-

marized the MRI reported findings into three groups: Normal, WMI, and NBH. Infants diag-

nosed with WMI and hemorrhages in the germinal matrix/IVH were included in the WMI

group. The NBH group comprised infants with hemorrhage in the germinal matrix/IVH at

residual or unchanged stages without evidence of involvement of the white matter. The normal

MRI group included infants with either no pathological findings or resolved old hemorrhages

without any post-hemorrhagic ventricular dilatation/ventriculomegaly/hydrocephaly.

Statistical analysis. We compared the demographic and clinical maternal and neonatal

data as well as serial CUS results with respect to the MRI findings at term-equivalent age or

Magnetic resonance imaging findings in preterm neonates at discharge
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close to discharge using Chi-square and analysis of variance (ANOVA), followed if required,

by Tukey’s honest significance difference test. After grouping the infants depending on their

MRI findings, stepwise binary logistic regressions were performed to evaluate which factors

were associated with the diagnosis of WMI and NBH in the studied infants. Infants with nor-

mal MRI were used as a reference group. In unadjusted univariate analysis, the predictive vari-

ables for inclusion into models with P- value of less than 0.1 were selected. Gestational age at

birth was included in the models irrespective of the significance due to importance of gesta-

tional age in the development of brain injury in preterm born infants. The clinical and CUS

data were classified and coded as binary variables defined as “yes pathology” (coded 1) versus

“normal” (coded 0). Low grade IVH detected on CUS was coded 1 because IVH grade 1 was

found to be associated with an almost two-fold higher risk for the diagnosis of prematurity-

associated neurosensory impairment [21]. Data are presented as mean, percentage (%), and

Odds Ratios (OR) with 95% Confidence Interval (95%CI). We also evaluated agreement of the

MRI-detected lesions with serial CUS performed within the first week and 3–4 weeks of post-

natal age. The kappa coefficient (k) and 95% Confidence Interval (95%CI) of (k) was calculated

taking into account any random chance for agreement between the CUS and MRI reports.

The results were classified as disagreement (less than 0), no agreement (0–0.20), minimal

(0.21–0.39), weak (0.40–0.59), moderate (0.60 to 0.79), strong (0.80 to 0.90), and almost perfect

(above 0.90) agreement [26]. STATISTICA 13.2 (StatSoft, Tulsa, OK, USA) was used to ana-

lyze the study results. P value of less than 0.05 was considered to indicate a statistically signifi-

cant difference.

Results

Medical records of 527 preterm infants born at a gestational age of less than 29 weeks were

reviewed. Eighty-eight (16.7%) infants died before discharge. Among the 439 survivors, 193

infants with MRI performed at term-equivalent age or close to discharge were entered into the

final analysis. These infants were born with lower gestational age, birth weight, and Apgar

scores, and were more frequently diagnosed with intracranial lesions on serial CUS than

infants with no MRI performed at term-equivalent age or close to discharge (Table 1).

Description of MRI-detected findings

Among the 193 studied infants, the MRI identified no pathology (normal) in 140 [72.5%, (95%

CI 65.9%-78.4%)] and WMI/NBH in 53 [27.5% (95%CI 21.7%, 34.2%)], which included 19

[9.8%, (95%CI 6.4%-14.9%)] with WMI and 34 [17.6% (95%CI 12.9–23.6)] with NBH. The

WMI group included infants with PVL (n = 6), hemorrhage in white matter (n = 4), encepalo-

malacia (n = 3), loss of white matter volume (n = 2), porencephaly (n = 1), and post-hemor-

rhagic ventricular dilation (n = 3). Two patients had cystic lesions in the white matter.

Hemorrhage in the germinal matrix/IVH was recorded in 8 (42.1%) of the patients included in

the WMI group. A few infants in the NBH group had been diagnosed with post-hemorrhagic

encephalomegalia (n = 1) and ventricularmegalia (n = 1). Among the infants in the normal

group, four were diagnosed with benign external hydrocephalus without enlargement of ven-

tricles, and no follow up was recommended by the neuroradiologist.

Factors associated with the MRI detected intracranial lesions

As shown in Table 2, the characteristics of the infants categorized as “with” and “without MRI-

detected intracranial lesions” at term-equivalent age or close to discharge were comparable

except for placental pathology that was diagnosed more frequently in infants with WMI. Over-

all, approximately 80% of patients with a normal MRI, 20% with white matter lesions (WMI),

Magnetic resonance imaging findings in preterm neonates at discharge
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and 26% with neonatal brain hemorrhages (NBH) had not shown any pathology on the serial

CUS during the first month of life (Fig 1). We also compared the MRI results with the type of

brain pathology detected by CUS in the first 7 days of life (Fig 2A) and at 3–4 weeks of post-

natal age (Fig 2B). The MRI was normal in 52.8% and 40.6% of the infants diagnosed with

Table 1. Comparison of patients with and without MRI performed at term-equivalent age or close to discharge.

Patient characteristics MRI done

Yes (n = 193) No (n = 229)

Gestational age (weeks)� 25.8 (25.6, 26.0) 26.5 (26.3, 26.7) ã
Birth Weight (grams)� 899 (864, 934) 920 (882, 953)

Apgar 1 min (score)� 4.2 (3.9, 4.5) 5.3 (5.0, 5.6) ã
Apgar 5 min (score)� 6.5 (6.3, 6.8) 7.1 (6.9, 7.3) ã
CUS Within 7 days �� 3–4 weeks ��� Within 7 days �� 3–4 weeks ���

NormalIVH G1IVH G2IVH G3IVH

G4PVL

61.4% 18.7% 8.3% 5.2% 6.2%

0.5%

65.8%16.6%3.1%7.3%5.7%

1.6%

79.9% 11.4%3.1% 2.6%

3.1%0

79.5%12.2%1.8%2.6%

3.9%0

� Mean with (95% Confidence Interval)

γ Difference (P<0.001) between patients with and without pre-discharge MRI

��Difference (P<0.001) between pathological findings on CUS performed within 7 days in infants with and without pre-discharged MRI

���Difference (P<0.001) between pathological findings on CUS performed on 3–4 weeks after birth in infants with and without pre-discharged MRI

https://doi.org/10.1371/journal.pone.0214683.t001

Table 2. Comparison of maternal and neonatal characteristics of the studied infants.

Characteristics MRI findings P value

No pathology

(n = 140)

WMI

(n = 19)

NBH

(n = 34)

Gestational age at birth, wk 25.8+/-1.5 25.3+/-1.2 26.1+/-1.5 0.25

Singleton pregnancy, % (n) 80.0 (112) 94.7 (18) 82.4 (28) 0.49

Nuliparity, % (n) 52.2 (71) 61.1 (11) 58.8 (20) 0.64

Preeclampsia, % (n) 18.6 (26) 15.8 (3) 14.7(5) 0.73

Fetal distress, % (n) 5.0 (7) 10.5 (2) 5.9 (2) 0.62

PPROM, % (n) 29.3 (41) 31.6 (6) 35.3 (12) 0.78

Antenatal MgSO4, % (n) 40.7 (57) 36.8 (7) 38.2 (13) 0.93

Antenatal corticosteroids, % (n) 65.7 (92) 73.7 (14) 79.4 (27) 0.69

Placental complications, % (n) 13.6 (19) 31.6 (6) 5.8 (2) 0.03

Chorioamnionitis, % (n) 8.6 (12) 10.5 (2) 8.8 (3) 0.96

Cesarean Section, % (n) 74.3 (104) 68.4 (13) 58.8 (20) 0.19

Male gender, %(n) 42.1 (59) 52.6 (10) 44.1 (15) 0.68

Birth weight (g) 892+/-226 872+/-269 947+/-263 0.24

Apgar 1 min (score) 4.3+/-2.1 3.9+/-2.6 4.1+/-2.5 0.55

Apgar 5 min (score) 6.6+/-1.8 6.3+/-1.6 6.3+/-2.0 0.55

Surfactant administration, % (n) 83.7 (113) 93.3 (14) 88.2 (30) 0.52

Thrombocytopenia,% (n) 7.3 (11) 0% (0) 9.1 (3) 0.44

Patent ductus arteriosus, % (n) 38.1 (53) 44.4 (8) 32.4 (11) 0.67

Sepsis, % (n) 38.9 (54) 38.9 (7) 41.2 (14) 0.96

Necrotizing enterocolitis, % (n) 5.0 (7) 5.6 (1) 0% (0) 0.44

Seizures, %(n) 1.4 (2) 5.3 (1) 8.8 (3) 0.07

Apnea prematurity, % (n) 30.3 (43) 33.3 (6) 32.4 (11) 0.83

Plus-minus values are mean with standard deviation (+/-SD)

https://doi.org/10.1371/journal.pone.0214683.t002
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IVH Grade 1 by CUS in the first 7 days and at 3–4 weeks of life, respectively (P<0.02). Among

patient with IVH Grade 2 diagnosed by serial CUS, 75% (Fig 2A) and 66.7% (Fig 2B) respec-

tively, showed no pathology on MRI at term-equivalent age or close to discharge (P = 0.08).

The MRI was normal in 17.4% and 28.6% (P<0.01) of infants previously diagnosed with IVH

Grade 3-4/PVL by the two consecutive CUS (Fig 2A and 2B). We did not find a significant dif-

ference in the MRI-detected WMI (47.8% vs. 39.3%, P = 0.09) and NBH (34.8% vs. 32.1%,

P = 0.57) in infants diagnosed with Grade 3-4/PVL by CUS in the first 7 days and at 3–4 weeks

of life, respectively. Irrespective of the gestational age and placental pathology, data from the

regression analysis confirmed a significant risk reduction for infants to be diagnosed with

WMI and NBH by the MRI at term-equivalent age or close to discharge if the CUS performed

during their hospital stay had not detected any abnormal findings (Table 3). The MRI at term-

equivalent age or close to discharge showed only minimal overall agreement with CUS per-

formed within seven days after birth (k 0.45, 95% CI 0.31, 0.58) whereas when the MRI results

were compared with CUS performed at 7 days and 3–4 weeks of life, respectively, there was

moderate overall agreement (k 0.55, 95%CI 0.42, 0.68). Disagreement between the results of

the CUS at 3–4 weeks, which were categorized as normal vs. IVH/PVL and findings on MRI at

term-equivalent age or close to discharge, which were categorized as normal vs. WMI/NBH,

was recorded in 18.7% (36/193) of the studied infants. Infants showing disagreement between

the CUS and MRI were more likely to have been born with gestational age less than 27 weeks

as compared to those with consistent neuroimaging findings (83.3% vs.63.4%), P<0.03. No

other factors were found to be significantly associated with the recorded disagreement between

the CUS and MRI findings (data not presented). Among 36 patients, 25 (69.4%) with normal

CUS did not show any abnormality in their MRI and 11 patients (30.6%) with normal CUS

were found to have WMI/NBH on MRI at term-equivalent age or close to discharge.

Discussion

In our study, qualitative analysis of the MRI of the brain identified WMI and NBH in approxi-

mately one-third of the surviving infants born before 29 weeks of gestation. The estimated

Fig 1. Proportion of normal CUS reports with respect to the MRI detected findings.

https://doi.org/10.1371/journal.pone.0214683.g001
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population-based prevalence of NBH was 1.5 times higher than WMI. Intracranial hemor-

rhages were also co-diagnosed in 42% of cases with WMI, which is consistent with the known

role of NBH in the development of WMI in prematurely born infants [27,28]. In preterm

infants who had no evidence of intracranial lesions on serial CUS performed during the first

month of life, there was almost 80% reduction in risk for discharge with WMI or NBH. Never-

theless, the agreement between the serial CUS and MRI was mild to moderate perhaps due to

the limited ability of CUS to characterize the wide spectrum of cerebral abnormalities in pre-

term neonates [11,29,30]. Comparison of the existing reports regarding the pattern of MRI

Fig 2. MRI detected intracranial findings with respect to the results of the CUS performed within 7 days (A) and at

3–4 weeks of post-natal age (B).

https://doi.org/10.1371/journal.pone.0214683.g002

Table 3. Predictive models for MRI detected WMI and NBH (OR, 95%CI)�.

Factors MRI-detected pathology

WMI NBH

Gestational age at birth (weeks) 0.81(0.69, 1.13) 1.13 (0.87, 1.46)

Placental complications�� 1.71 (1.0, 2.98) 1.49 (0.69, 3.17)

Normal�� on CUS (within 7 day) 0.28 (0.16, 0.94) 0.35 (0.23, 0.53)

Normal�� on CUS (3–4 week) 0.20 (0.11, 0.39) 0.28 (0.18,0.43)

� Compared to infants with no pathology (normal), coded 0

�� Yes pathology vs. normal, coded 1 and 0, respectively

https://doi.org/10.1371/journal.pone.0214683.t003
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findings in surviving preterm born infants is limited, mainly due to the variability of the MRI

reporting system used in relevant research. Inconsistency in the configuration of MRI detected

intracranial lesions in preterm born infants surviving to discharge has been reported [31].

Qualitative analysis of the MRI findings showed punctate WMI in 33% and IVH in 24% of

extremely preterm born infants [32]. Quantitative analysis of MRI identified severe brain inju-

ries in 10% of infants born with a gestational age of less than 30 weeks [22] and moderate to

severe WMI in 5.9% to 35.0% of extremely preterm infants from different settings [16].

Among infants born at a gestational age of less than 28 weeks, 20% [11] and 17% [23] were

diagnosed with moderate to severe WMI; however, different criteria had been used to score

the MRI findings. Gano et al [33] reported moderate/severe WMI on MRI within 4 weeks of

birth in 17% of very preterm born infants. Quantitative analysis of the non-hemorrhagic WMI

identified cystic WMI in 21 infants born at a gestational age of 35 weeks or less among the 42

who underwent MRI at term equivalent age [10].

We would like to acknowledge several limitations of the present study. First, the utilization

of clinical data collected not for a research purpose could be the source of selection and mis-

classification bias. However, EMR files are increasingly being seen as a valuable resource for

research [34, 35]. The data used in our study were in keeping with the definition of research

quality [36]: (i) the utilization of objectively collected data for the selection of study subjects to

answer the research question (gestational age and brain MRI at term), and (ii) uniformity of

data collection that was accomplished with the standardization of the data extraction tool. Sec-

ond, the results of our study are not applicable to all preterm infants born with a gestational

age less than 29 weeks but only to those who are at highest risk for developing cerebral alter-

ations due to the level of their immaturity (Table 1). Third, qualitative MRI reports could be

less informative than those based on a quantitative scoring system [37]. Although an associa-

tion between score severity and prediction of preterm neuropathology has been reported [13],

the pattern between MRI detected severities of cerebral white matter abnormalities and neuro-

developmental outcome is questionable [16, 38]. Global brain abnormality score of MRI

detected injuries in preterm born infants has not been widely implemented as yet in radiologi-

cal practices. There is a lack of consensus regarding how definitely to interpret and utilize MRI

results in order to maximize the practical value of MRI testing in clinical neonatology because

the MRI at term in infants born prematurely has not been formally standardized in the clinical

settings [39, 40]. Without standardization of the MRI reports, the effectiveness of utilization of

MRI at term in both, the clinical management and research of preterm born infant is limited.

Moderate/severe WMI seen on MRI around term can predict cerebral palsy and motor func-

tion with moderate sensitivity and specificity and has limited ability to predict neurocognitive

and behavioral impairments [41]. Moreover, diffuse excessive high signal intensity (DEHSI)

that is included in the scoring system has demonstrated limited prognostic value. Importantly,

a recent large scale randomized clinical trial identified that as compared to CUS, MRI at term

increases costs and provides only a modest benefit related to the reduction of maternal anxiety

and prediction of the infant’s neurodevelopment outcome [42]. It is obvious that increased use

of MRI at term-equivalent age or close to discharge will require implementation of consistent

evaluation of intracranial findings in preterm born neonates [16].

Conclusions

Qualitatively assessed configuration of intracranial injuries detected on MRI at term revealed

the risk for injuries in white matter in up to 15% and isolated hemorrhagic lesions in up to

24% of less mature survivors born before 29 weeks of gestation. Hemorrhages of any grade
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that are detected on serial CUS should be taken into account for more precise prediction of the

intracranial lesions seen on MRI performed at the time of discharge.
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23. Horsch S, Skiöld B, Hallberg B, Nordell B, Nordell A, Mosskin M, et al. Cranial ultrasound and MRI at

term age in extremely preterm infants. Arch Dis Child Fetal Neonatal Ed. 2010; 95: F310–F314. https://

doi.org/10.1136/adc.2009.161547 PMID: 19843500

24. Volpe JJ. Intracranial hemorrhage: Germinal matrix-intraventricular hemorrhage. Neurology of the New-

born. 5th ed. Saunders, Philadelphia (PA); 2008.

25. Mirmiran M, Barnes PD, Keller K, Constantinou JC, Fleisher BE, Hintz SR, et al. Neonatal brain mag-

netic resonance imaging before discharge is better than serial cranial ultrasound in predicting cerebral

palsy in very low birth weight preterm infants. Pediatrics. 2004; 114: 992. https://doi.org/10.1542/peds.

2003-0772-L PMID: 15466096

26. McHugh ML. Interrater reliability: The kappa statistic. Biochem Med (Zagreb). 2012; 22: 276–282.

27. Tortora D, Martinetti C, Severino M, Uccella S, Malova M, Parodi A, et al. The effects of mild germinal

matrix-intraventricular haemorrhage on the developmental white matter microstructure of preterm neo-

nates: a DTI study. Eur Radiol. 2018; 28: 1157–1166. https://doi.org/10.1007/s00330-017-5060-0

PMID: 28956133

28. Adler I, Batton D, Betz B, Bezinque S, Ecklund K, Junewick J, et al. Mechanisms of injury to white matter

adjacent to a large intraventricular hemorrhage in the preterm brain. J Clin Ultrasound. 2010; 38: 254–

258. https://doi.org/10.1002/jcu.20683 PMID: 20232402

29. Miller SP, Cozzio CC, Goldstein RB, Ferriero DM, Partridge JC, Vigneron DB, et al. Comparing the diag-

nosis of white matter injury in premature newborns with serial MR imaging and transfontanel ultrasonog-

raphy findings. Am J Neuroradiol. 2003; 24: 1661–1669. PMID: 13679289

Magnetic resonance imaging findings in preterm neonates at discharge

PLOS ONE | https://doi.org/10.1371/journal.pone.0214683 April 4, 2019 10 / 11

https://doi.org/10.1371/journal.pone.0156245
http://www.ncbi.nlm.nih.gov/pubmed/27257863
http://www.ncbi.nlm.nih.gov/pubmed/12748075
https://doi.org/10.1136/archdischild-2014-306129
http://www.ncbi.nlm.nih.gov/pubmed/25637006
https://doi.org/10.1056/NEJMoa053792
https://doi.org/10.1056/NEJMoa053792
http://www.ncbi.nlm.nih.gov/pubmed/16914704
https://doi.org/10.1148/radiol.12111615
http://www.ncbi.nlm.nih.gov/pubmed/22403166
https://doi.org/10.1371/journal.pone.0177128
https://doi.org/10.1371/journal.pone.0177128
http://www.ncbi.nlm.nih.gov/pubmed/28486543
https://doi.org/10.3174/ajnr.A3521
http://www.ncbi.nlm.nih.gov/pubmed/23620070
https://doi.org/10.1542/peds.2004-0326
http://www.ncbi.nlm.nih.gov/pubmed/15687434
https://doi.org/10.1136/fn.87.1.F37
http://www.ncbi.nlm.nih.gov/pubmed/12091289
http://www.ncbi.nlm.nih.gov/pubmed/25620100
https://doi.org/10.1542/peds.2013-0372
https://doi.org/10.1542/peds.2013-0372
http://www.ncbi.nlm.nih.gov/pubmed/24379238
https://doi.org/10.1542/peds.2013-2336
https://doi.org/10.1542/peds.2013-2336
http://www.ncbi.nlm.nih.gov/pubmed/25070300
https://doi.org/10.1136/adc.2009.161547
https://doi.org/10.1136/adc.2009.161547
http://www.ncbi.nlm.nih.gov/pubmed/19843500
https://doi.org/10.1542/peds.2003-0772-L
https://doi.org/10.1542/peds.2003-0772-L
http://www.ncbi.nlm.nih.gov/pubmed/15466096
https://doi.org/10.1007/s00330-017-5060-0
http://www.ncbi.nlm.nih.gov/pubmed/28956133
https://doi.org/10.1002/jcu.20683
http://www.ncbi.nlm.nih.gov/pubmed/20232402
http://www.ncbi.nlm.nih.gov/pubmed/13679289
https://doi.org/10.1371/journal.pone.0214683


30. Hinojosa-Rodrı́guez M, Harmony T, Carrillo-Prado C, Van Horn JD, Irimia A, Torgerson C, et al. Clinical

neuroimaging in the preterm infant: Diagnosis and prognosis. Neuroimage Clin. 2017; 16: 355–368.

https://doi.org/10.1016/j.nicl.2017.08.015 PMID: 28861337

31. Ortinau CM, Inder TE, Smyser CD. Predictive value of neonatal magnetic resonance imaging in preterm

infants. NeoReviews. 2013; 14: e490–e500.

32. Dyet LE, Kennea N, Counsell SJ, Maalouf EF, Ajayi-Obe M, Duggan PJ, et al. Natural history of brain

lesions in extremely preterm infants studied with serial magnetic resonance imaging from birth and neu-

rodevelopmental assessment. Pediatrics. 2006; 118: 536–548. https://doi.org/10.1542/peds.2005-1866

PMID: 16882805

33. Gano D, Andersen SK, Partridge JC, Bonifacio SL, Xu D, Glidden DV, et al. Diminished white matter

injury over time in a cohort of premature newborns. J Pediatr. 2015; 166: 39–43. https://doi.org/10.

1016/j.jpeds.2014.09.009 PMID: 25311709

34. Haneuse S, Daniels M. A general framework for considering selection bias in EHR-based studies: What

data are observed and why? EGEMS (Wash DC). 2016; 4: 1203.

35. Institute of Medicine (US) Committee on Comparative Effectiveness Research Prioritization. Initial

national priorities for comparative effectiveness research. Washington, D.C: National Academies

Press; 2009.

36. Johnson ML, Crown W, Martin BC, Dormuth CR, Siebert U. Good research practices for comparative

effectiveness research: analytic methods to improve causal inference from nonrandomized studies of

treatment effects using secondary data sources: the ISPOR Good Research Practices for Retrospec-

tive Database Analysis Task Force Report—Part III. Value Health. 2009 Nov-Dec; 12(8): 1062–1073.

https://doi.org/10.1111/j.1524-4733.2009.00602.x PMID: 19793071

37. Pierpaoli C. Quantitative Brain MRI. Top Magn Reson Imaging. 2010; 21: 63. https://doi.org/10.1097/

RMR.0b013e31821e56f8 PMID: 21613871

38. Woodward LJ, Clark AC, Bora S, Inder TE. Neonatal white matter abnormalities an important predictor

of neurocognitive outcome for very preterm children. PLoS One. 2012; 7: e51879. https://doi.org/10.

1371/journal.pone.0051879 PMID: 23284800

39. Reid SM, Dagia CD, Ditchfield MR, Carlin JB, Reddihough DS. Population-based studies of brain imag-

ing patterns in cerebral palsy. Dev Med Child Neurol. 2014; 56: 222–232. https://doi.org/10.1111/dmcn.

12228 PMID: 23937113

40. Rutherford MA. MRI of the neonatal brain. Chapter 9. Part 4. Hemorrhagic lesions of the newborn brain.

Accessed December 18, 2018. (http://www.mrineonatalbrain.com/index.php)

41. Van’t Hooft J, van der Lee JH, Opmeer BC, Aarnoudse-Moens CS, Leenders AG, Mol BW, et al. Pre-

dicting developmental outcomes in premature infants by term equivalent MRI: systematic review and

meta-analysis. Syst Rev. 2015; 4: 71. https://doi.org/10.1186/s13643-015-0058-7 PMID: 25982565

42. Edwards AD, Redshaw ME, Kennea N, Rivero-Arias O, Gonzales-Cinca N, Nongena P, et al; on behalf

of the ePrime Investigators. Effect of MRI on preterm infants and their families: a randomized trial with

nested diagnostic and economic evaluation. Arch Dis Child Fetal Neonatal Ed. 2018; 103: F15–F21.

https://doi.org/10.1136/archdischild-2017-313102 PMID: 28988160

Magnetic resonance imaging findings in preterm neonates at discharge

PLOS ONE | https://doi.org/10.1371/journal.pone.0214683 April 4, 2019 11 / 11

https://doi.org/10.1016/j.nicl.2017.08.015
http://www.ncbi.nlm.nih.gov/pubmed/28861337
https://doi.org/10.1542/peds.2005-1866
http://www.ncbi.nlm.nih.gov/pubmed/16882805
https://doi.org/10.1016/j.jpeds.2014.09.009
https://doi.org/10.1016/j.jpeds.2014.09.009
http://www.ncbi.nlm.nih.gov/pubmed/25311709
https://doi.org/10.1111/j.1524-4733.2009.00602.x
http://www.ncbi.nlm.nih.gov/pubmed/19793071
https://doi.org/10.1097/RMR.0b013e31821e56f8
https://doi.org/10.1097/RMR.0b013e31821e56f8
http://www.ncbi.nlm.nih.gov/pubmed/21613871
https://doi.org/10.1371/journal.pone.0051879
https://doi.org/10.1371/journal.pone.0051879
http://www.ncbi.nlm.nih.gov/pubmed/23284800
https://doi.org/10.1111/dmcn.12228
https://doi.org/10.1111/dmcn.12228
http://www.ncbi.nlm.nih.gov/pubmed/23937113
http://www.mrineonatalbrain.com/index.php
https://doi.org/10.1186/s13643-015-0058-7
http://www.ncbi.nlm.nih.gov/pubmed/25982565
https://doi.org/10.1136/archdischild-2017-313102
http://www.ncbi.nlm.nih.gov/pubmed/28988160
https://doi.org/10.1371/journal.pone.0214683

