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Abstract

Objectives—To compare regional cortical cerebral blood flow (CBF) in very preterm infants at 

term-equivalent age (TEA) and healthy full-term newborns, and to examine the impact of clinical 

risk factors on CBF in the preterm cohort.

Study design—This prospective cross-sectional study included very preterm infants (gestational 

age (GA) at birth <32 weeks; birth weight <1500g) and healthy full-term controls. Using non-

invasive 3T arterial spin labeling MRI, we quantified regional CBF in the cerebral cortex: 

sensorimotor/auditory/visual cortex, superior medial/dorsolateral prefrontal cortex, anterior/

posterior cingulate cortex (ACC/PCC), insula, and lateral posterior parietal cortex; as well as in the 

brainstem, and deep gray matter. Analyses were performed controlling for sex, GA, and age at 

MRI.

Results—We studied 202 infants: 98 preterm and 104 full-term infants at TEA. Preterm infants 

demonstrated higher global CBF (β=9.03; P < .0001) and higher absolute regional CBF in all brain 

regions except the insula. Relative CBF in the insula, ACC and auditory cortex were significantly 

decreased in preterm infants compared with their full-term peers (p<0.0001; p=0.026; p=0.036, 
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respectively). Additionally, the presence of parenchymal brain injury correlated with lower global 

and regional CBF (insula, ACC, sensorimotor, auditory, and visual cortices) while the need for 

cardiac vasopressor support correlated with lower regional CBF in the insula and visual cortex.

Conclusions—Altered regional cortical CBF in very preterm infants at TEA may reflect early 

brain dysmaturation despite the absence of cerebral cortical injury. Furthermore, specific cerebral 

cortical areas may be vulnerable to early hemodynamic instability and parenchymal brain injury.
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Very preterm infants born before 32 weeks’ gestational age (GA) are at risk for 

neurodevelopmental disorders.1 Brain development consists of genetically determined and 

environmentally influenced biological processes2 that might be altered following preterm 

birth.3 Specifically, during the “ex-utero” third trimester of very preterm infants, 

synaptogenesis, axonal/dendritic outgrowth, myelination, and gyrification are rapidly 

occurring and represent a critical period of brain development.4 Altered cerebral maturation 

despite the absence of structural brain injury is increasingly reported in very premature 

infants 5, 6 with evidence of disturbances in cerebral cortical development 7 and relationships 

to adverse neurodevelopmental outcome. 8, 9

Cerebral blood flow (CBF) delivers oxygen and nutrients required for optimal brain 

maturation, and it is coupled with brain metabolism.10 Computation of CBF using nuclear 

medicine techniques has provided great insights regarding cerebral maturation in neonates,
11–14 however, the use of ionizing radiation presents an important limitation.15 Arterial spin 

labeling (ASL) is a non-invasive magnetic resonance imaging (MRI) technique, that enables 

CBF quantification without the need for a contrast agent. Instead, ASL-MRI uses the water 

in arterial blood as an endogenous tracer.16

The successful application of ASL-MRI in high-risk newborns facilitates the non-invasive 

assessment of brain maturation, injury, and repair through CBF quantification.20 To date, no 

study has specifically focused on characterizing cerebral cortex CBF in very preterm infants 

at TEA despite the emerging evidence of impaired cerebral cortical maturation following 

preterm birth.24–26 Therefore, we sought to examine the impact of preterm birth on regional 

cerebral cortical perfusion. We compared CBF in preterm infants at TEA (n=98) with 

normative CBF data acquired in a large sample of healthy full-term neonates (n=104). 

Additionally, we investigated clinical risk factors associated with preterm birth that could 

potentially influence cerebral perfusion.

Methods

Infants were prospectively enrolled at Children’s National Health System (Washington, DC) 

from June 2012 to December 2015.5 Preterm infants were eligible if born before 32 weeks 

of gestation with a birth weight <1500 grams. Exclusion criteria included: chromosomal 

anomalies, dysmorphic features, congenital brain malformations, central nervous system 
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infection, metabolic disorders, severe brain injury (defined using brain scoring 

classification),27 and residual active analgesic/sedative medications at the time of the MRI 

study. In the context of another observational study on fetal/newborn brain growth and 

development, healthy fetal/mother dyads with normal fetal sonography were enrolled as 

control participants.5 Exclusion criteria included chromosomal abnormalities, multiple 

gestations, congenital infections, and maternal disease/drug use. All healthy control 

participants were born at full-term with uneventful deliveries and normal MRI brain scans. 

Both studies were approved by the Institutional Review Board and written informed consent 

was obtained from the parents at enrollment of each participant.

Demographics and clinical information collected are shown in Table I. In the preterm cohort, 

the clinical risk factors of interest recorded were: chorioamnionitis, moderate to severe 

bronchopulmonary dysplasia,28 length of oxygen support, postnatal steroid treatment, sepsis 

(confirmed by positive blood culture), necrotizing enterocolitis, need for cardiac vasopressor 

support, and patent ductus arteriosus ligation.

MRI Acquisition and Image Analysis

Brain MRI sequences were performed on a 3-T Discovery MR750 scanner (GE Healthcare, 

Milwaukee, Wisconsin) for all participants. Infants were scanned under natural sleep. Proton 

density control images and perfusion weighted images were obtained with a 3D ASL 

sequence using pseudo-continuous labeling method, 3D FSE spiral readouts, and 

background suppression (echo/repetition time=11/4326 ms; voxel size=1 .88×1.88×3 mm3; 

spiral acquisition= 512 samples by 8 arms; acquisition time=3 min). Pseudo-continuous 

ASL was used as it has a higher signal-to-noise ratio than conventional ASL.17–19 

Anatomical 3D T2-weighted CUBE images were also acquired (voxel size=0.63×0.63×1 

mm3).

Clinical readings of all MRI studies were performed. An experienced pediatric 

neuroradiologist reviewed the preterm infant images and defined intraventricular 

hemorrhage severity29 and brain injury severity.27 Preterm infants were categorized into two 

groups based on the presence or absence of parenchymal brain injury.

The CBF map was computed in mL/100g/min from the ASL sequence with Functool 

software (GE Healthcare, Milwaukee, WI) using the general kinetic model:30

where the partition coefficient λ was set to 0.9; the saturation time (ST) was 2 s; the T1 of 

the cerebral gray matter (T1t) was set to 1.2 s; the longitudinal relaxation time of the blood 

(T1b) appropriate for MRI studies at TEA was assumed to be 1.85 s;31 the post labeling 

delay (PLD) was set to 1025 ms; the labeling duration (LT) was 1.5 s; the overall efficiency 

(ε) was 0.6, it was a combination of the inversion efficiency (80%) and the background 

suppression efficiency (75%); PW was the perfusion weighted image; the scaling factor of 
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the perfusion weighted (SFpw) was 32, the partial saturation of the reference image (PD) was 

50%, and the number of excitation for the PW image (NEXPW) was 3.

Although background suppression was used to reduce motion artifact, some CBF maps were 

corrupted by severe head motion characterized by high signal intensity spiral.32 Whenever 

possible, the motion corrupted ASL sequence was re-run during the scanning session (8 

preterm/ 5 full-term infants); otherwise, CBF maps degraded by motion were discarded. 

After this quality check, the remaining CBF maps were manually skull-stripped before 

computing the global CBF (CBF map average). The high resolution T2-weighted image was 

then co-registered to its corresponding CBF map using affine registration.33 Manual regions 

of interest (ROIs) were placed on the CBF map using the aligned anatomical image as 

guidance. Our cerebral cortical ROIs incorporated areas involved in primary motor/sensory 

tasks: the sensorimotor cortex (central sulcus), the auditory cortex (superior transverse 

gyrus), and the visual cortex (calcarine cortex); and cortical areas known to mediate higher 

cognitive processing: the superior medial and the dorsolateral prefrontal cortices, the 

anterior cingulate cortex (ACC), the posterior cingulate cortex, the insula, and the lateral 

posterior parietal cortex (Figure 1). Furthermore, we measured CBF in ROIs that are known 

to be the most metabolically active in newborns:34 the deep GM including thalamus (pontine 

nucleus) and basal ganglia, and the brainstem (pons). The volume of each ROI was kept 

constant at 42.2 mm3. Intra-rater and inter-rater reliability were assessed via intraclass 

correlation coefficients on a randomly selected subset of 15 preterm/15 full-term infants. 

The intraclass correlation coefficients for intra-rater measurements ranged from 0.86 to 0.96 

(median: 0.93) and for inter-rater measurements it ranged from 0.82 to 0.97 (median: 0.88).

Statistical Analyses

Statistical analyses were performed using the Statistical Analysis Software version 9.3 (SAS 

Institute, Cary, NC). The effect of group (preterm versus full-term) on global CBF was 

analyzed with ANCOVA, adjusting for sex, GA and age at MRI. For regional CBF, paired t-

tests revealed no clinically meaningful significant difference between left and right 

hemispheres for bilateral regions, thus hemispheric CBF values were averaged. Relative 

regional CBF was defined as the ratio of the ROI absolute CBF over the global CBF. To 

assess regional CBF between and within infants, we fitted linear mixed models using an 

unstructured covariance matrix structure within subjects; the choice of covariance matrix 

was guided by Akaike Information Criteria statistics.35 The fixed effects were group, ROIs, 

sex, GA, age at MRI and the interaction between group and ROIs. Corrections for multiple 

comparisons were performed using Tukey-Kramer adjustment.

Within the preterm cohort, we used linear regression analysis to examine the relationship 

between global/regional CBF and each clinical risk factor individually controlling for sex, 

GA, and age at MRI. Of note, twelve preterm infants had low-grade intraventricular 

hemorrhage (grade I/II) on MRI findings; they were included in the “no parenchymal brain 

injury” group as there were no significant differences in global and regional CBF compared 

with the group with unremarkable anatomical MRI brain studies. A multiple regression 

analysis evaluated the combined effects of each of the clinical risk factors associated with 

differences in any global or regional CBF at p<0.05 (extended model). None of the 
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interactions between main effects were significant; consequently, they were not included in 

the extended model.

Results

Of the 128 preterm infants scanned at TEA, 30 (23%) preterm infants were excluded: 9 (7%) 

infants had residual analgesic/sedative effects at the time of MRI, 13 (10%) had severe brain 

injury, 5 (3%) exceeded our TEA window (38 to 44 weeks of post-menstrual age [PMA]), 

and 3 (2%) had unusable data due to excessive motion. Of the 115 healthy full-term infants 

with ASL data, six (5%) were scanned after 44 weeks PMA and 5 (4%) presented with 

motion corrupted data and were excluded from the analyses. The clinical characteristics of 

the 202 infants studied (98 preterm infants/104 full-term controls) are summarized in Table 

1. Preterm infants were scanned at a younger PMA compared with healthy full-term controls 

(40.12 versus 41.22 weeks, respectively).

The unadjusted average global CBF expressed in mL/100g/min was 19.21 (SD=4.2; range= 

9.4–29.7) in preterm infants and 13.38 (SD=4.29; range=8–21.3) in full-term controls. 

Preterm infants had significantly higher global CBF (β=9.03; 95%CI= [5.73; 12.33]; 

p<0.0001). GA and age at MRI were positively associated with global CBF (β=1.01; 

95%CI= [0.6; 1.4]; p<0.0001; [β=0.12; 95%CI= [0.06; 0.18]; p<0.0001; respectively); there 

was no association with sex (p=0.11).

Regional absolute CBF significantly correlated with group status (preterm/full-term infants), 

ROIs, GA at birth, and age at MRI (p<0.001); sex had no significant effect (p=0.39). The 

interaction between group and ROIs was significant (p<0.0001). The absolute CBF was 

significantly higher in preterm infants compared with healthy full-term control infants in all 

brain regions except the insula (Table 2.)

In the control infants, the brain areas with the highest relative CBF were the brainstem, 

insula, thalamus, and basal ganglia, respectively (Table 2). Within the cerebral cortex, the 

ACC and sensorimotor cortex had the highest relative CBF while the dorsolateral prefrontal 

cortex relative CBF was the lowest. When comparing relative CBF between groups, the 

significant fixed effects were group status, ROIs, and their interaction (p<0.05). Specifically, 

the regional relative CBF in the insula, ACC and auditory cortex was significantly decreased 

in the preterm cohort (Table 2). Figure 2 (available at www.jpeds.com) illustrates the 

regional CBF distribution per group status.

Among the clinical risk factors evaluated, the presence of parenchymal brain injury and the 

need for cardiac vasopressor support were associated with decreased global/regional CBF 

(Table 3). Parenchymal brain injury was associated with significantly decreased global CBF 

and decreased CBF in the insula, ACC, and sensorimotor/auditory/visual cortices (Figure 3; 

available at www.jpeds.com); all these associations except the sensorimotor cortex remained 

significant in the extended model (Table 4; available at www.jpeds.com). The need for 

cardiac vasopressor support was significantly associated with decreased regional CBF in the 

insula and visual cortex (Table 4).
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Discussion

In this prospective observational study, we demonstrated that global and regional CBF was 

altered in a large cohort of very preterm infants assessed at TEA compared with healthy full-

term newborns. We found that relative CBF in the insula, ACC, and auditory cortex was 

lower in preterm infants. Within the preterm cohort, there was an association between 

parenchymal brain injury, cardiac vasopressor support and decreased regional CBF. 

Collectively, these results suggest altered functional brain maturation in very preterm infants 

by TEA.

Available data on cerebral perfusion in healthy full-term newborns are very limited21, 36, 37 

but necessary for establishing comparisons with high-risk neonatal populations. Although 

CBF measurements using positron emission tomography have traditionally served as 

reference values (mean global CBF between 18 to 24 mL/100g/min),13, 38, 39 the sample 

population studied was small (N<10) and was comprised of infants who suffered perinatal 

asphyxia. In a healthy cohort of full-term infants, global CBF was previously estimated to be 

between 11 to 23 mL/100g/min.21, 36, 37 Our normative CBF data are in keeping with these 

findings and suggest an underestimation of CBF with ASL-MRI compared with positron 

emission tomography. Specifically, our absolute CBF values are likely underestimated due to 

the use of a very short post labeling delay time. Nonetheless, our results provide important 

and currently limited data on brain perfusion in a large cohort of healthy full-term newborns.

Developmental trajectories of regional CBF reflect brain maturation,14 with the highest CBF 

reported in the brainstem and deep gray matter in newborns.12, 22, 40, 41 We found that the 

insula was one of the most perfused cerebral cortical areas. This has not been previously 

described, possibly due to the lower resolution of images from nuclear medicine techniques 

that make it difficult to distinguish the deep gray structures from the insula. In our study, the 

sensorimotor cortex, and the ACC had higher CBF than other cerebral cortical areas which 

corresponds to their previously reported higher glucose metabolic rate.34 Analogous to other 

studies,11, 22 the lateral frontal GM demonstrated low perfusion at TEA. Taken together, our 

findings highlight the early development of the insula, sensorimotor cortex and ACC.

Quantitative data on CBF in very preterm infants at TEA are scarce.21–23, 36 We report 

higher global and regional CBF in very preterm infants at TEA compared with full-term 

controls, corroborating the results of Miranda et al.21 The mechanisms underlying the 

elevated absolute CBF in preterm infants are complex, and likely multifactorial. One 

plausible hypothesis is that impaired parasympathetic control can lead to increased CBF.
42, 43 Another hypothesis would be that regional cerebral metabolic requirements are 

modified due to extra-uterine environment and associated external stimuli responsible for 

experience-dependent cortical development.44 Finally, an association between dendritic 

arborization or synaptogenesis and elevated local CBF has also been suggested.23

Our study examined relative regional cerebral cortical perfusion and found a significant 

decrease in relative CBF in the insula, ACC, and auditory cortex in very preterm infants 

compared with full-term infants. The insula is one of the first cerebral cortical areas to 

develop and differentiate between 13 and 28 weeks GA.45 Likewise, the ACC is also among 
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the first cerebral cortical regions to mature.46 Finally, the auditory cortex is functionally 

active from 28 weeks GA when activity-dependent processes start shaping auditory cortical 

organization.47 We postulate that decreased relative cortical CBF may be related to unmet 

increased metabolic requirements during early ex-utero third trimester exposure following 

preterm birth and may suggest specific regional susceptibility.

The insula of growth-restricted fetuses previously has been shown to exhibit alterations in 

biometric, volumetric, and microstructural organization compared with age-matched control 

fetuses, suggesting that the insula may be vulnerable when exposed to a hostile environment 

in the third trimester.48 The insula is also the region reported to have the greatest disturbance 

in sulcal depth and cortical shape in preterm infants at TEA.7 It is noteworthy that the insula 

and ACC are part of the salience network which is implicated in multiple 

neurodevelopmental disorders,49 and compromised in adults born preterm.50 Altered 

development of the insula and ACC may represent early biomarkers that may assist in 

identifying preterm infants at higher risk for long-term neurodevelopmental impairments.

The maturation of the auditory cortex depends heavily on exogenous auditory stimulation.47 

Consequently, early exposure to an atypical acoustic environment may alter development of 

the auditory network as demonstrated in animal studies.51, 52 Preterm infants in the neonatal 

intensive care unit (NICU) are both deprived of maternal sounds (e.g., heart beat) and 

surrounded by noxious auditory stimuli that may negatively affect auditory system 

development.53 The temporal cortex of preterm infants has been shown to exhibit cortical 

folding alterations7, 54 and its decreased micro-structural organization has been associated 

with poorer language outcome.55 Similarly, our results underscore a regional vulnerability of 

the developing auditory cortex in preterm infants. The influence of the NICU environment 

(private room vs open ward) has provided mixed outcomes;56, 57 the balance between 

adverse acoustic noises and positive auditory stimulations (eg, meaningful language) appears 

critical to enhance auditory network development.53, 58 Collectively, these data highlight the 

need for active monitoring of the different type of acoustic levels in the NICU in relationship 

to auditory cortex development.

It is well-established that prematurity-related white matter injury is associated with neuronal 

loss and gliosis in the cerebral cortical gray matter,59 and decreased cortical volume.60 

However, the effect of preterm brain injury on CBF has not been previously investigated. We 

report that parenchymal brain injury is related to decreased global and regional CBF (insula, 

ACC, sensorimotor/auditory/visual cortex). These regions of interest are known to develop 

earlier than other cortical regions, with primary motor/sensory areas preceding the 

development of associative and prefrontal cortical areas.7, 61 Consequently, early preterm 

brain injury may lead to dysmaturation in cortical areas actively developing over the third 

trimester, ex-utero.

Postnatal hypotension or its treatment with cardiac vasopressor medications were associated 

with lower perfusion in the insula and visual cortex. The timing of the high metabolic 

demands of the insula and visual cortex may overlap with prematurity-related hemodynamic 

instability, leading to region-specific alterations. Because we used a categorical variable for 

cardiac vasopressor support during infants’ hospitalization, we cannot elucidate the 
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relationship between the length of treatment and cerebral cortical maturation, but it warrants 

future investigation. Previous studies have shown that cerebral oxygenation rather than 

hypotension alone is associated with neurodevelopmental outcome.62 Even though ligation 

of a patent ductus arteriosus is associated with increased hemodynamic instability, we did 

not find an association with cerebral perfusion at TEA. Previous work has suggested that the 

duration of decreased cerebral oxygenation is a better predictor of cerebral growth 

impairment than ductal ligation.63 Together these results emphasize that maintaining 

adequate cerebral oxygenation/perfusion following preterm birth is critical for normal brain 

development.

Although the MRI-ASL technique is not the gold standard for cerebral perfusion, it has been 

increasingly used in recent neonatal studies.20 Non-invasive and free of ionizing radiation, 

CBF quantification using MRI-ASL provides insights into brain injury/repair mechanism 
37, 64–67 and brain maturation21–23 in high-risk neonatal populations. The use of pseudo-

continuous ASL in the newborn population has provided sufficient signal-to-noise ratio, 

better image quality, and enabled the identification of cerebral structures.18, 19 One major 

limitation of our study is the lack of optimized neonatal acquisition variables: we used a 

short post-labeling delay time and it has been demonstrated that higher post-labeling delay 

values should be used in neonatal population.68 Although both populations were scanned 

with the same sequence variables allowing for comparisons, our absolute CBF values are 

likely underestimated and caution should be used when extrapolating from our data. 

Furthermore, the use of a generic T1b instead of a subject-specific T1b is a limitation of our 

study; however, we selected a neonatal PMA appropriate T1b that is closely related to the 

population average at TEA.31 The ROIs approach is also a limitation of our study as it is 

rater-dependent, however, it is important to note that we achieved good reliability 

measurements that are comparable with other studies.23, 37 Regional segmentation through 

registration to a neonatal atlas may improve the reliability of the measurements in future 

studies. Moreover, accuracy of regional CBF values could be improved through correction of 

partial volume effect: tissue-specific masks from participants’ segmentation of high-

resolution anatomical images can be used to estimate brain tissue contribution within an 

ASL voxel.69 Thus, the potential influence of very low neonatal white matter CBF value on 

gray matter would be accounted for. Another limitation is the cross-sectional design which 

does not permit intra-subject CBF assessment. Future studies using longitudinal analyses 

would allow for prospective characterization of cerebral maturation following preterm birth. 

Finally, the predictive value of these early alterations of regional CBF on 

neurodevelopmental outcome in preterm infants is unknown and currently under 

investigation.

Despite these limitations, our study provides new information about cerebral cortical 

perfusion, including the regional-specific vulnerability of the insula, ACC, and auditory 

cortex following preterm birth, and a negative effect of parenchymal brain injury and cardiac 

vasopressor support on regional CBF in very preterm infants at TEA.
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Figure 1. Regions of interest, co-registered anatomical T2-weighted image and cerebral blood 
flow map
Data from a preterm infant scanned at 43 weeks’ post-menstrual age without evidence of 

parenchymal brain injury. Scale indicates cerebral blood flow unit mL/100g/min.

A = sensorimotor cortex (central sulcus) in black, lateral posterior parietal cortex in white; B 

= anterior cingulate cortex and posterior cingulate cortex in white, dorsolateral prefrontal 

cortex in black; C = superior medial prefrontal cortex in black, deep gray matter: basal 

ganglia in white, thalamus in black; D = insula in black (arrow), auditory cortex (superior 

transverse gyrus – temporal pole) in black, visual cortex (calcarine cortex) in white; E = 

brainstem.
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Figure 2. Unadjusted boxplots of regional cerebral blood flow assessed in the preterm (n=98) and 
full-term (n=104) population at term-equivalent age
* Indicates the adjusted means between groups (preterm versus full-term infants) was 

significantly different (p<0.05) after adjustment for multiple comparisons using Tukey-

Kramer, controlling for brain region, sex, gestational age at birth and day of life at MRI.

ACC = anterior cingulate cortex; AUD = auditory cortex; BG = basal ganglia; BS= 

brainstem; dlPFC = dorsolateral prefrontal cortex; INS = insula; lPPC = lateral posterior 

parietal cortex; PCC = posterior cingulate cortex; SM = sensorimotor cortex; smPFC = 

superior medial prefrontal cortex; THAL = thalamus; VIS = visual cortex.
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Figure 3. Unadjusted boxplots of regional cerebral blood flow assessed in the preterm cohort 
according to the presence (n=47) /absence (n=51) of parenchymal brain injury
* Indicate the adjusted means between groups was significantly different (p<0.05) after 

adjustment for multiple comparisons using Tukey-Kramer, controlling for sex, gestational 

age at birth, and day of life at MRI.

ACC = anterior cingulate cortex; AUD = auditory cortex; BG = basal ganglia; BS= 

brainstem; dlPFC = dorsolateral prefrontal cortex; INS = insula; lPPC = lateral parietal 

cortex; PCC = posterior cingulate cortex; SM = sensorimotor cortex; smPFC = superior 

medial prefrontal cortex; THAL = thalamus; VIS = visual cortex.
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Table 1

Clinical characteristics of the cohort (n=202)

Preterm Infants,
n=98

Full-term Control
Infants,
n=104

P-value

Perinatal Characteristics

Birth GA, wk, mean ± SD 26.83 ± 2.58 39.58 ± 0.973 <0.0001

Birthweight, g, mean ± SD 886 ± 308 3353 ± 362 <0.0001

Small for gestational age, n (%) 12 (13) 9 (9) 0.4033

Male, n (%) 44 (45) 58 (56) 0.123

Native American; Hispanic; White 0; 22 (23); 12 (12) 2 (2); 9 (9); 31 (30)
<0.0001

Asian; Black; Multiethnic, n (%) 58 (59); 6 (6) 10 (10); 48 (46); 4 (4)

Vaginal delivery, n (%) 37 (38) 74 (71) <0.0001

Apgar score at 5 min, median [range] 7 [1–9] 9 [8–10] <0.001

Maternal age, y, mean ± SD 27.79 ± 6.27 29.37 ± 6.66 0.0845

MRI Characteristics

PMA at MRI, wk, mean ± SD 40.12 ± 1.39 41.22 ± 1.07 <0.0001

Age at MRI, d, mean ± SD 92.92 ± 20.14 11.42 ± 4.49 <0.0001

Head circumference at MRI, cm, mean ± SD 33.14 ± 1.97 35.62 ± 1.34a <0.0001

Supplemental oxygen at MRI, n (%) 27 (28) na na

Low-grade (I-II) IVH, n (%) 12 (12) na na

Parenchymal brain injury, n (%) 47 (48) na na

Brain Abnormalitiesb

Cystic white matter lesions, n (%) 5 (5) na na

Focal white matter signal abnormality, n (%) 20 (20) na na

Delayed myelination, n (%) 3 (3) na na

Thinning of the corpus callosum, n (%) 48 (49) na na

Dilation of the lateral ventricles, n (%) 39 (40) na na

Reduce white matter volume, n (%) 57 (58) na na

Increased extracerebral space, n (%) 28 (29) na na
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Preterm Infants,
n=98

Full-term Control
Infants,
n=104

P-value

Deep gray matter signal abnormality, n (%) 6 (6) na na

Reduce deep gray matter volume, n (%) 8 (8) na na

Cerebellar signal abnormality, n (%) 16 (16) na na

Reduce cerebellar volume, n (%) 42 (43) na na

Brain injury category, n (%)
43 (44); 33 (34); 15 (15) na na

Normal; Mild; Moderate

a
not collected in five healthy full-term infants

b
Brain abnormalities were scored using Kidokoro et al. classification.26 The brain classification could not be used for seven preterm infants: their 

gestational age at MRI was higher than 42 weeks.
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Table 3

Relationship between clinical risk factors and cerebral perfusion in the preterm cohort.

Risk Factors Preterm
Infants
(N=98)

Association with Cerebral Blood Flow a
(β; [95% CI]; p-value)

Chorioamnionitis, n (%) 20 (20) NS

Parenchymal brain injury, n (%) 47 (48) Global (−2.28; [−3.91; −0.64]; 0.007)

Sensorimotor cortex (−3.74; [−7.36; −0.1]; 0.043)

Auditory cortex (−3.73; [−5.9; −1.58]; <0.001)

Visual cortex (−4.50; [−6.69; −2.28]; <0.001)

Anterior cingulate cortex (−2.55; [−4.89; −0.22]; 0.032)

Insula (−3.00; [−5.4; −0.56]; 0.016)

Bronchopulmonary dysplasia (moderate/severe), n (%) 47 (48) NS

Length of oxygen support, d, mean ± SD 75 (40) NS

Steroid treatment, n (%) 41 (42) NS

Sepsis, n (%) 15 (16) NS

Necrotizing enterocolitis, n (%) 36 (37) NS

Pressor support, n (%) 39 (40) Visual cortex (−3.46; [−3.4; −0.01]; 0.0079)

Insula (−3.29; [−5.89; −0.51]; 0.016)

Patent ductus arteriosus ligation, n (%) 25 (26) NS

a
Linear regression analysis included each individual clinical risk factor as well as sex, gestational age at birth and day of life at MRI. β is the 

regression coefficient associated with the risk factor in the model. NS = not significant.
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