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Diminished white matter injury over time in a cohort of premature newborns
Introduction
Twelve percent of all newborns in the United States are born premature (<37 weeks’ gestation) (1). They are highly susceptible to white matter injury (WMI) due to a developmental vulnerability of the immature white matter to hypoxia-ischemia and inflammation (2-4). WMI is associated with later development of motor, cognitive and language deficits (4,5).
WMI encompasses a spectrum of cystic and non-cystic injury, of which cystic WMI is most severe (3,4). Cranial ultrasound has a high sensitivity for cystic WMI; however, magnetic resonance imaging (MRI) is superior for the detection of non-cystic lesions (6-8) and prognostication of neurodevelopment (9). We have previously shown that the prevalence of ultrasound-detected cystic WMI decreased over the ten-year period from 1992 to 2002 among newborns at our institution, and that the decreased duration of mechanical ventilation over the same time period accounted for a portion of the decline in 
cystic WMI (10). 
It is not known whether the rate of MRI-detected non-cystic WMI has also diminished over time. We analyzed the rate of moderate/severe non-cystic WMI in a cohort of premature newborns imaged with MRI soon after birth (1998-2011), and evaluated its association to changes in clinical predictors of WMI over time, such as infection (11), prolonged ventilation (10,12) and prolonged indomethacin exposure (13).




Methods
Subjects
This is a cross-sectional analysis of baseline data for subjects enrolled in a prospective cohort study. The cohort is comprised of 315 newborns <33 weeks’ gestation evaluated with MRI during early infancy at the University of California, San Francisco (UCSF) from January 1998 to August 2011. We excluded newborns with severe motion artifact on MRI (17) and those with severe WMI on ultrasound due to periventricular hemorrhagic infarction (22) or cystic white matter injury (9), leaving 267 newborns available for analysis. 

MRI 
MRI scans were obtained as soon after birth as newborns were clinically stable, as previously described (14). A single pediatric neuroradiologist (AJB) evaluated all MRI scans and the severity of WMI on T1-weighted MRI was scored according to our published criteria (6). WMI was further classified as absent/mild or moderate/severe. 

Clinical data
[bookmark: _GoBack]Medical records were reviewed by a single investigator (SA) blinded to the severity of WMI. Antenatal variables included exposure to prenatal steroids and magnesium sulfate using pharmacy records. Perinatal variables included neonatal resuscitation score (0 to 6), gestational age and birth weight. Neonatal variables included the duration of mechanical ventilation, infection, hypotension requiring pressor support, patent ductus arteriosus (PDA), number of indomethacin doses for treatment of PDA, PDA ligation, and necrotizing enterocolitis. Duration of mechanical ventilation was defined as prolonged if newborns were ventilated for ≥7 days. Indomethacin exposure was categorized as prolonged if newborns were exposed to ≥4 doses (13). 

Analysis
Only exposures and predictors that occurred prior to MR imaging were included in the analysis. Clinical characteristics were compared between newborns with none/mild WMI and moderate/severe WMI using chi-squared or Fisher’s exact test for categorical variables and Kruskal-Wallis test for continuous variables. Newborns were divided into epochs of birth year: 1998-2001 (n=63), 2002-2004 (n=74), 2005-2008 (n=72), and 2009-2011 (n=58). The proportion of newborns with non-cystic WMI per epoch was evaluated using chi-squared test for trends. Demographics and clinical predictors were evaluated across epochs of birth year using chi-squared test of trends for categorical variables and variance-weighted least squares regression for continuous variables. 
Variables with significant association (P<0.1) were evaluated as predictors of moderate/severe WMI using multivariate logistic regression. The linearity of the relationship of birth year and the outcome of moderate/severe WMI was verified. Regression diagnostics performed included a plot of residuals versus fitted values and an evaluation for influential points. There were no influential points and all subjects were included in the final model. The Hosemer-Lemeshow goodness of fit test was performed and based on this test we failed to reject the null hypothesis that estimated and observed probabilities agree (P=0.41).
Effect modification of the association between prolonged indomethacin exposure and moderate/severe WMI by gestational age was evaluated in a multivariate regression model, adjusting for postmenstrual age at MRI, PDA ligation, hypotension, infection, prolonged ventilation and birth year. Regression diagnostics as described above were performed.

Results
Among the 267 newborns in the cohort, 222 (83.1%) had absent/mild WMI and 45 (16.9%) had moderate/severe WMI (Table 1). Newborns with moderate/severe WMI were imaged at a slightly older postmenstrual age (31.7 ± 2 weeks vs. 32.3 ± 2, P=0.03) and there was a trend toward older gestational age at birth (28.9 ± 2.5 vs. 28.1 ± 2.3, P=0.06). Prolonged exposure to indomethacin occurred in 62/222 (28%) of newborns with absent/mild WMI and 5/45 (11%) with moderate/severe WMI (odds ratio 0.32, 95% confidence interval 0.13 – 0.83, P=0.02).

Clinical characteristics and white matter injury over time
Demographics, clinical predictors of WMI, and the rate of moderate/severe WMI were evaluated across epochs of birth year, Table 2. The rate of moderate/severe WMI decreased significantly over time (P=0.002), Figure 1. 

Clinical predictors associated with moderate/severe white matter injury
We evaluated clinical predictors associated with moderate/severe WMI on univariate and multivariate logistic regression, Table 3. Adjusting for the effects of gestational age, postmenstrual age at MRI, prenatal steroids, magnesium sulfate, and prolonged ventilation, birth year remained strongly associated with moderate/severe WMI (odds ratio 0.9, 95% confidence interval 0.8 – 0.99, P=0.04), Table 3. Infection and hypotension were also evaluated in this multivariate model, however this did not change the magnitude of the effect of birth year on the odds of moderate/severe WMI. 

Prolonged indomethacin exposure is associated with reduced white matter injury
The association between indomethacin exposure and moderate/severe WMI was also evaluated in a second regression model (data not shown in table), in which indomethacin exposure was characterized as absent, brief (1-3 doses) or prolonged (≥4 doses). There was no interaction between gestational age and the association of prolonged indomethacin exposure with diminished moderate/severe WMI (interaction P=0.2). Adjusting for the effects of postmenstrual age at MRI, hypotension, PDA ligation, prolonged ventilation, infection, and birth year, newborns treated with prolonged indomethacin had significantly reduced odds of moderate/severe WMI compared to newborns with brief exposure (odds ratio 0.27, 95% confidence interval 0.08-0.9, P=0.03) and unexposed newborns (odds ratio 0.32, 95% confidence interval 0.1-0.98, P=0.05). 

Discussion
In this cohort of premature newborns born <33 weeks gestational age and imaged with MRI within 4 weeks of birth as part of a research protocol, moderate/severe focal non-cystic WMI decreased significantly from 1998 to 2011. Changes that occurred throughout the study period included imaging newborns at a younger postmenstrual age, increased administration of antenatal steroids and magnesium sulfate, as well as reduced duration of mechanical ventilation. Accounting for differences in clinical predictors over the study period, the odds of moderate/severe WMI decreased in each birth year of the cohort. Together with a past study (10), our results indicate ongoing reduction in white matter injury over a 20-year period. 
We found prolonged exposure to indomethacin was independently associated with reduced WMI, which is consistent with a prior study by Miller et al. (13) that demonstrated decreased WMI among newborns 24-28 weeks’ gestation at birth treated with prolonged indomethacin. Our results extend this finding, and suggest that the protective effects of indomethacin may extend across a wider range of gestational ages up to 33 weeks. As newborns were not randomized to prolonged indomethacin in our cohort, we cannot exclude unmeasured variables confounding the association between prolonged indomethacin and reduced WMI. 
	Unmeasured changes in clinical care that took place over the study period may account for the observed independent association between birth year and diminished odds of moderate/severe WMI. Examples of care practices that were not measured include ventilation settings, orogastric tube insertions for feeding, and handling practices. Changes in such factors over time may have led to a decreased cumulative incidence of small, recurrent hypoxic-ischemic insults, which in turn may have translated into the decreased rate of non-cystic WMI. 
In summary, we observed a decreased burden of moderate/severe non-cystic WMI in a cohort of premature newborns evaluated with MRI soon after birth from 1998 to 2011, and this was independent of changes in clinical predictors of WMI over time. Further study is underway to evaluate whether the reduced burden of WMI and birth year are associated with improved neurodevelopmental outcomes in this cohort.
Prolonged treatment with indomethacin was protective against WMI, and a randomized controlled trial is needed to determine whether this is an effective therapy for the prevention of WMI in premature newborns. 

















Table 1: Comparison of clinical characteristics by moderate/severe white matter injury

				          White matter injury
Characteristic*		None/Mild		Moderate/Severe		P-value**
				N=222			N=45
Gestational age (wks)		28.1 ± 2.3		28.9 ± 2.5			0.06
Postmenstrual age at MRI	31.7 ± 2		32.3 ± 2			0.03
(wks)
Birth weight (grams)		1072 ± 342		1182 ± 412			0.1
Neonatal resuscitation score	5 (4 – 5)		5 (4 – 5)			0.4
Prenatal steroids		189 (86)		39 (89)				0.7
Prenatal magnesium sulfate	119 (56)		24 (56)				1
Hypotension			116 (54)		24 (53)				0.5
Infection			128 (57)		30 (67)				0.2
Prolonged ventilation+	91 (41)			20 (44)				0.7
Patent ductus arteriosus+	90 (40)			15 (33)				0.2
Prolonged indomethacin	62 (28)			5 (11)				0.02
Necrotizing enterocolitis	32 (14)			3 (7)				0.2
+ Prolonged indomethacin (≥4 doses), prolonged ventilation (≥7 days).
* Data presented as mean ± standard deviation, number (%) or median (interquartile range)
** P-value refers to chi-squared test or Fisher’s exact test for categorical variables, or Kruskal-Wallis test for continuous variables
Table 2: White matter injury and clinical predictors of white matter injury across epochs of birth year

						Birth year epoch
Characteristic*		1998-2001	2002-2004	2005-2008	2009-2011	P-value**
				N=63		N=74		N=72		N=58	
Moderate/severe WMI	16 (25)		15 (20)		11 (15)		3 (5)		0.002
Gestational age (wks)		28.4 ± 2.4	28 ± 2.5	28.3 ± 2.5	28.4 ± 1.8	0.8
Postmenstral age at MRI	32.6 ± 2.3	31.7 ± 1.8	31.8 ± 1.8	31.2 ± 1.9	0.002
(wks)
Birth weight (grams)		1148 ± 398	1036 ± 352	1082 ± 379	1106 ± 271	0.2
Prenatal steroids		56 (89)		58 (78)		58 (84)		56 (98)		0.09
Prenatal magnesium sulfate	33 (52)		40 (54)		28 (44)		42 (75)		0.06
Hypotension			41 (65)		30 (43)		31 (44)		38 (67)		0.9
Infection			40 (63)		46 (62)		40 (56)		32 (55)		0.7
Prolonged ventilation+	38 (60)		30 (43)		24 (33)		19 (33)		0.001
Patent ductus arteriosus	24 (38)		25 (34)		28 (39)		28 (48)		0.2
Prolonged indomethacin+	19 (29)		12 (16)		21 (29)		16 (28)		0.6
Necrotizing enterocolitis	10 (16)		6 (8)		14 (19)		5 (9)		0.7	      
+ Prolonged indomethacin (≥4 doses), prolonged ventilation (≥7 days).
* Data presented as mean ± standard deviation or number (%)
** P-value refers to chi-squared test of trends for categorical variables, or variance-weighted least squares regression for continuous variables
Table 3: Clinical predictors associated with moderate/severe white matter injury 

Characteristic*		Odds ratio		P-value	Adjusted odds 	P-value
				(95% CI)				ratio (95% CI)** 
Gestational age (wks)		1.15 (1.0 – 1.32)	0.05		1.17 (0.94 – 1.44)	0.2	
Postmenstrual age at MRI 	1.16 (1.0 – 1.36)	0.06		1.07 (0.88 – 1.3)	0.5
(wks)
Prenatal steroids		1.24 (0.45 – 3.39)	0.7		1.1 (0.38 – 3.19)	0.9
Prenatal magnesium sulfate	1.0 (0.52 – 1.93)	1.0		1.15 (0.57 – 2.32)	0.7
Prolonged ventilation+	1.15 (0.6 – 2.2)	0.7		2.24 (0.87 – 5.8)	0.1
Prolonged indomethacin+	0.32 (0.12 - 0.86)	0.02		0.33 (0.11 - 0.96)	0.04	
Birth year			0.88 (0.8 - 0.97)	0.007		0.9 (0.81 - 0.99)	0.04
+ Prolonged indomethacin (≥4 doses), prolonged ventilation (≥7 days).
* Predictors evaluated on univariate logistic regression if P<0.1 on comparison between newborns with absent/mild WMI and moderate/severe WMI, or P<0.1 on test of trend across birth year quartiles. 
** Multivariate logistic regression model adjusting for all variables in table.






Figure 1: Probability of moderate/severe white matter injury over time
[image: ] 
Probability of moderate/severe WMI per birth year derived from univariate logistic regression.
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