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ORIGINAL RESEARCH • PEDIATRIC IMAGING

Neurodevelopmental disabilities after premature expo-
sure to extrauterine life remain prevalent and manifold 

and include motor, cognitive, behavioral, and socioaffec-
tive impairments (1). Notably, these neurodevelopmental 
impairments often take years to manifest, and early bio-
markers of risk are needed to guide medical and rehabilita-
tive interventions that mitigate risk.

Coincident with premature extrauterine exposure are 
critical periods of brain development that may place the 
preterm infant at risk for impaired brain development. 
Third trimester brain development is particularly acceler-
ated (2,3), presumably because of energy-dependent pro-
cesses that demand an increasing supply of blood-borne 
oxygen and nutrients to the brain. Until recently, our 
ability to safely measure and monitor the developmental 

trajectories of regional cerebral blood flow (CBF) in the ex 
utero preterm infant over the third trimester of develop-
ment was limited.

Arterial spin labeling (ASL) has emerged as a power-
ful MRI tool to use in the quantitative measurement of 
regional CBF, as there is no contrast agent or exposure to 
ionizing radiation (4,5). Several prior studies have used 
ASL to study CBF in preterm infants, but ASL has largely 
been used at term-equivalent age (TEA) or in studies with 
a cross-sectional design (6–15). Longitudinal noninvasive 
assessment of CBF in different regions of the immature 
brain during the ex utero third trimester will allow better 
understanding of the role of premature exposure to the ex-
trauterine milieu and its association with brain injury and 
clinical risk factors.

Background:  The third trimester of gestation is a crucial phase of rapid brain development, but little has been reported on the trajec-
tories of cerebral blood flow (CBF) in preterm infants in this period.

Purpose:  To quantify regional CBF in very preterm infants longitudinally across the ex utero third trimester and to determine its 
relationship with clinical factors associated with brain injury and premature birth.

Materials and Methods:  In this prospective study, very preterm infants were enrolled for three longitudinal MRI scans, and 22 healthy 
full-term infants were enrolled for one term MRI scan between November 2016 and February 2019. Global and regional CBF in 
the cortical gray matter, white matter, deep gray matter, and cerebellum were measured using arterial spin labeling with postlabeling 
delay of 2025 msec at 1.5 T and 3.0 T. Brain injury and clinical risk factors in preterm infants were investigated to determine as-
sociations with CBF. Generalized estimating equations were used to account for correlations between repeated measures in the same 
individual.

Results:  A total of 75 preterm infants (mean postmenstrual age [PMA]: 29.5 weeks  2.3 [standard deviation], 34.9 weeks  0.8, 
and 39.3 weeks  2.0 for each scan; 43 male infants) and 22 full-term infants (mean PMA, 42.1 weeks  2.0; 13 male infants) 
were evaluated. In preterm infants, global CBF was 11.9 mL/100 g/min  0.2 (standard error). All regional CBF increased sig-
nificantly with advancing PMA (P  .02); the cerebellum demonstrated the most rapid CBF increase and the highest mean CBF. 
Lower CBF was associated with intraventricular hemorrhage in all regions (P  .05) and with medically managed patent ductus 
arteriosus in the white matter and deep gray matter (P = .03). Mean CBF of preterm infants at term-equivalent age was significantly 
higher compared with full-term infants (P  .02).

Conclusion:  Regional cerebral blood flow increased significantly in preterm infants developing in an extrauterine environment across 
the third trimester and was associated with intraventricular hemorrhage and patent ductus arteriosus.
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natural sleep using the feed and bundle approach, without seda-
tion unless clinically indicated. For CBF measurement, ASL was 
performed using a three-dimensional pseudocontinuous ASL 
scheme (16) with the following imaging parameters: repetition 
time msec/echo time msec, 4700–4900/11; field of view, 12–16 
cm; in-plane resolution, 2.7–3.5 mm3; section thickness, 3–4 
mm3; number of sections, 22–36; postlabeling delay, 2025 msec 
(determined based on an ASL consensus report [25]); labeling 
duration, 1450 msec; and scan time, approximately 5 minutes. 
This ASL protocol was consistent for all scans performed at both 
field strengths. For T2-weighted anatomic imaging, either a 
three-dimensional fast spin-echo or a two-dimensional single-
shot fast spin-echo sequence was performed. Total scanning time 
of each examination, including other sequences in our protocol 
(eg, spectroscopy, diffusion, and functional MRI), was approxi-
mately 1 hour.

CBF Quantification
CBF quantification requires estimation of the T1 relaxation time 
of blood (T1b) (17). In these preterm infants, hematocrit level 
was regularly measured by using an automated analyzer (Sysmex 
XN-2000; Sysmex). For each preterm MRI scan, T1b was esti-
mated from the hematocrit (Hct) value by using the following 
relationships: 1/T1b = 1.1 Hct 1 0.26 at 1.5 T and 1/T1b = 0.5 
Hct 1 0.37 at 3.0 T (18,19). For those MRI scans for which 
a hematocrit measurement was not available, T1b was assumed 
to be the same as the average T1b value in the other infants for 
1.5 T and 3.0 T separately. In all full-term infants, T1b was not 
available and was assumed to be 1810 msec for their scans at 3.0 
T based on prior literature (8).

Image Registration and Segmentation
CBF images were registered to anatomic images using the open-
source rigid-body image registration algorithm of ANTs (version 
1.9; University of Philadelphia) (20). Anatomic images were 
then automatically segmented using the open-source Draw-EM 
tool kit (version 2.0; Imperial College London) (21) to generate 
masks of the cortical gray matter (CGM), white matter (WM), 
deep gray matter (DGM), and cerebellum. These segmentations 
were reviewed for quality assurance and were further refined us-
ing manual correction. Global CBF was also calculated by merg-
ing all these regions into one.

Classification of Brain Injury
A board-certified pediatric neuroradiologist (J.M., with 8 years 
of experience in pediatric neuroradiology) reviewed anatomic 
images acquired in preterm infants at TEA (ie, MRI 3) and 
assigned grades of brain injury at a rate of approximately one 
infant every 2 weeks. He was blinded to any other clinical 
indication for the examination beyond the need for MRI 3. 
Parenchymal abnormality was graded based on the Kidokoro 
et  al scoring system as low-grade (normal or mild, score  
7) or high-grade (moderate or severe, score 7) injury (22). 
Intraventricular hemorrhage (IVH) was graded according to 
modified Papile classification as low-grade (none, grade I or 
II) or high-grade (grade III or IV) IVH (23). A random sam-
ple of 20 infants were rescored by the neuroradiologist after a 

Our study objectives were twofold: (a) to examine temporal 
changes of global and regional CBF in preterm infants over the 
third trimester of ex utero development and (b) to examine the 
relationship of CBF with clinical factors associated with brain 
injury and premature birth.

Materials and Methods

Study Population
This prospective study was compliant with the Health Insurance 
Portability and Accountability Act and was approved by the in-
stitutional review board of Children’s National Hospital. Written 
informed consent was obtained from the parents of each infant. 
Seventy-eight very preterm infants and 27 healthy full-term in-
fants without a clinical indication for MRI were consecutively 
enrolled between November 2016 and February 2019. Inclusion 
criteria for preterm infants were gestational age of 32 weeks or 
less at birth and birth weight of 1500 g or less. Inclusion cri-
teria for full-term infants were normal prenatal history, normal 
screening laboratory results, and normal US findings in the 
brain. Exclusion criteria for both preterm and full-term infants 
included chromosomal anomalies, congenital malformations, 
central nervous system infection, and metabolic disorders.

Imaging Protocol
Enrolled preterm infants underwent three MRI examinations 
(referred to as MRI 1, MRI 2, and MRI 3 hereafter), with target 
study times of 1–2 weeks of life for MRI 1, 34–36 weeks of post-
menstrual age (PMA) for MRI 2, and 37–42 weeks of PMA (ie, 
TEA) for MRI 3. Healthy full-term infants underwent one MRI 
scan in the newborn period. All MRI 1 studies and the major-
ity of MRI 2 examinations of preterm infants were performed 
with a 1.5-T GE MR450 scanner (GE Healthcare). A few MRI 
2 (eight of 67) and all MRI 3 scans of preterm infants, as well 
as all full-term MRI scans, were performed with a 3.0-T GE 
MR750 scanner (GE Healthcare). Infants were examined during 

Abbreviations
ASL = arterial spin labeling, CBF = cerebral blood flow, CGM = cortical 
gray matter, DGM = deep gray matter, IVH = intraventricular hem-
orrhage, PDA = patent ductus arteriosus, PMA = postmenstrual age, 
TEA = term-equivalent age, WM = white matter

Summary
Regional cerebral blood flow in preterm infants increased with 
advancing postmenstrual age during the third trimester and was lower 
in infants with intraventricular hemorrhage and medically managed 
patent ductus arteriosus.

Key Results
	N Mean cerebral blood flow (CBF) in preterm infants increased sig-

nificantly with advancing postmenstrual age in all regions during 
the third trimester (P  .02).

	N The cerebellum demonstrated the most rapid increase in CBF and 
the highest mean CBF.

	N Lower CBF was associated with intraventricular hemorrhage in all 
regions (P  .05) and with medically managed patent ductus arte-
riosus in white matter and deep gray matter (P = .03).
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6-month gap from the original reading to estimate reliability of 
the Kidokoro scoring.

Association between CBF and Clinical Risk Factors
We investigated the relationship between regional and global 
CBF and clinical risk factors, including chorioamnionitis, sep-
sis, bronchopulmonary dysplasia, retinopathy of prematurity, 
steroid treatment, opioid treatment, sedative treatment, cardiac 
vasopressor support, length of oxygen support (in days), high-
est level of respiratory support (none, noninvasive, ventilator, or 
high-frequency oscillatory ventilation), treatment for necrotiz-
ing enterocolitis (no symptoms, medically managed [stage I or 
II], or surgically managed [mostly stage III, some stage II]), and 
treatment for patent ductus arteriosus (PDA) (no symptoms or 
undiagnosed, medically managed [including treatment with in-
domethacin {Indocin; Merck}], or surgically ligated).

Statistical Analyses
Demographic and clinical characteristics of our preterm and full-
term cohorts were compared using Mann-Whitney U test and 
Fisher exact test, as appropriate. Normality of all outcomes was 
confirmed prior to CBF analysis. Associations between mean 
CBF and PMA were assessed using generalized estimating equa-
tions to account for repeated measures in the same individual. 
Second-order polynomial models were tested using quadratic 
PMA terms; interaction terms with P  .10 were explored fur-
ther and reported if quasi-information criterion suggested better 
model fit. An unstructured covariance with sandwich variance 
estimates was assumed for all generalized estimating equation 
models based on best fit according to the quasi-information 

criterion. Mean CBF was compared between different brain re-
gions, low- and high-grade brain injury, and clinical risk factors, 
using least squares mean estimates from generalized estimating 
equation models controlling for PMA. Differences in mean CBF 
between preterm and full-term infants at TEA were evaluated 
using analysis of covariance adjusting for PMA. Tukey-Kramer 
P value adjustment method was applied to analyses to control 
for multiple comparisons. All analyses were performed with SAS 
software (version 9.4; SAS Institute); a P value of .05 was consid-
ered indicative of a significant difference.

Results

Study Population
Five of the 78 preterm infants died during the study, and seven 
families withdrew from the study or refused at least one of the 
three scans. Eight ASL scans were incomplete due to time con-
straints, and nine were excluded from our analysis. Of these 
nine scans, five were excluded due to an incorrect postlabeling 
delay (1 second), three were excluded due to exceptionally high 
ASL signal (global CBF 30 mL/100 g/min) possibly caused 
by reconstruction failure of the scanner or infant motion 
coupled with background suppression failure, and one was ex-
cluded due to severe motion artifacts. As a result, a total of 195 
ASL scans from 75 preterm infants (mean PMA: 29.5 weeks 
 2.3, 34.9 weeks  0.8, and 39.3 weeks  2.0 for MRI 1, 
2, and 3, respectively; 43 male infants) were included in this 
study. Among the 27 healthy full-term infants enrolled for one 
MRI scan, five were excluded from our analysis because of se-
vere motion artifacts; the remaining 22 healthy infants (mean 

Figure 1:  Flowchart of infant enrollment and data exclusion. ASL = arterial spin labeling.
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PMA, 42.1 weeks  2.0; 13 male infants) were included. Fig-
ure 1 is a flowchart showing infant enrollment and data exclu-
sion criteria. Tables 1 and 2 summarize the characteristics of 
the study cohorts. Among 64 preterm infants who underwent 
MRI 3, 49 had a low-grade parenchymal abnormality and 53 
had low-grade IVH. Figure 2 shows examples of anatomic and 
ASL images in preterm infants with and those without brain 
injury. No structural abnormalities were found in the brain of 
healthy infants.

Hematocrit Level and T1 of Blood
Among 195 ASL scans, a hematocrit measurement was avail-
able for 181 scans. Mean hematocrit value was 34%  5 
(range, 22%–47%) for PMA of 33.7 weeks  4.1 (range, 
24.9–41.9 weeks), and the average time difference between 
MRI scanning and hematocrit measurement was 3 days  7. 
Average T1b value estimated from hematocrit measurements 
was 1586 msec  151 (range, 1287–1979 msec) for PMA 
of 31.8 msec  3.2 (range, 24.9–37.4 weeks) at 1.5 T and 

1891 msec  70 (range, 1712–2026 msec) for PMA of 38.2 
weeks  1.7 (range, 34.3–41.9 weeks) at 3.0 T. As expected, 
T1b was higher at 3.0 T because T1 is proportional to field 
strength. Scatter plots of hematocrit and T1b values as a func-
tion of PMA are shown in Figure 3a and 3b. Significant as-
sociations between hematocrit level and PMA (P  .001) and 
between T1b value and PMA were noted at 1.5 T (P = .003, 
nonlinear P = .002) but not at 3.0 T (P = .37). Regression 
equations are as follows: Hct = 48.0914–0.4327 PMA, T1b = 
5726.869–285.252 PMA 1 4.8252 PMA2 at 1.5 T, and T1b 
= 1640.351 1 6.5813 PMA at 3.0 T. For CBF quantifica-
tion of preterm scans where hematocrit measurement was not 
available, T1b values of 1586 msec at 1.5 T and 1891 msec at 
3.0 T were used.

1.5-T versus 3.0-T MRI
Figure 3c shows global CBF measured at 1.5 T (123 scans) 
and 3.0 T (72 scans). Linear regression lines of mean CBF 
at the two field strengths show very similar trajectories: av-

Table 1: Perinatal Characteristics of the Study Cohort

Perinatal Characteristic
Preterm Infants 
(n = 75)

Full-Term Infants 
(n = 22) P Value

Birth GA (wk) 27.0  2.5 38.7  1.9 .001
Birth weight (g) 1000  325 3278  535 .001
Male sex* 43 (57) 13 (59) .23
Ethnicity* Black, 43; Hispanic, 10;  

White, 7; Other, 15
Black, 2; Hispanic, 2;  

White, 15; Other, 3
.001

Apgar score at 1 minute 4.2  2.2 7.7  1.5 .001
Apgar score at 5 minutes 6.7  1.7 8.5  0.9 .001
Maternal age (y) 27.9  5.6 36.2  6.6 .001
C-section delivery* 48 (64) 9 (41) .08

Note.—Unless otherwise indicated, data are mean  standard deviation, and data in parenthesis are percentages. GA = gestational age.
* Data are numbers of patients, and data in parentheses are percentages.

Table 2: MRI Characteristics of the Study Cohort

Preterm Infants (n = 75)

MRI Characteristic MRI 1 (n = 64) MRI 2 (n = 67) MRI 3 (n = 64) Full-term Infants (n = 22)
PMA at MRI (wk) 29.5  2.3 34.9  0.8 39.3  2.0 42.1  2.0
DOL at MRI (d) 17.4  10.8 55.0  16.9 84.1  22.9 23.8  14.7
Weight at MRI (g) 1109  337 1887  795 2698  656 3547  1421
Sedation at MRI*† 20 (31) 5 (7) 0 (0) 0 (0)
Supplemental oxygen at MRI† 58 (91) 45 (67) 22 (34) 0 (0)
Ventilator† 29 17 4 …
NIPPV† 11 5 0 …
CPAP† 9 5 1 …
NC† 8 17 17 …
Vapotherm† 1 1 0 …

Note.—Unless otherwise indicated, data are mean  standard deviation. CPAP = continuous positive airway pressure, DOL = days of life, 
NC = nasal cannula, NIPPV = nasal intermittent positive pressure ventilation, PMA = postmenstrual age.
* Sedation was all clinically indicated, not for MRI and was performed using morphine, midazolam, or fentanyl.
† Data are numbers of patients, and data in parenthesis are percentages.
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erage CBF = 0.0126 1 0.3454 PMA at 1.5 T and −8.9059 
1 0.5779 PMA at 3.0 T. There was no significant difference 
in global CBF measurement between 1.5 T and 3.0 T when 
controlling for PMA (P = .76), suggesting that data analysis 
with no distinction between the two field strengths may be 
reasonable.

Longitudinal Changes of Regional CBF
The averages of regional CBF in all preterm infants are 
summarized in Table 3. There were significant differences 
in mean CBF between all regions (all P  .001). Figure 
4 shows temporal changes in regional CBF. Regional CBF 
significantly increased with advancing PMA in all regions. 
Nonlinear associations between mean CBF and PMA were 
noted for WM and the cerebellum. The cerebellum showed 
both the highest mean CBF and the most rapid increase 
(based on ) in mean CBF. Regression equations of average 
CBF are as follows: CBFCGM = 7.6582 1 0.1695 PMA (P = 
.02), CBFWM = 15.3864–0.7742 PMA 1 0.0172 PMA2 (P 

 .001, linear  = 0.39), CBFDGM = 1.6488 1 0.4456 PMA 
(P  .001), CBFcerebellum = −38.6069 1 2.7895 PMA−0.0321 
PMA2 (P  .001, linear  = 0.61), and CBFglobal = −1.0102 
1 0.3759 PMA (P  .001).

Association between CBF and Brain Injury
The averages of regional CBF in preterm infants with 
low- or high-grade parenchymal abnormality or low- or 
high-grade IVH and associated P values are listed in Table 
3. There were no significant differences in regional mean 
CBF between low- and high-grade parenchymal abnormal-
ity groups (all P  .6). In contrast, mean CBF was noted 
to be lower in preterm infants with high-grade IVH in all 
regions compared with those with low-grade IVH (all P  
.05). Temporal changes of regional CBF in these subgroups 
are shown in Figure  5. Intrarater reliability was high for 
Kidokoro scores (weighted , 0.86; 95% CI: 0.75, 0.97). 
This degree of concordance resulted in perfect agreement of 
dichotomized scores (Cohen , 1.00).

Figure 2:  Representative images of the preterm brain in infants (a) without brain injury and (b) with brain injury after segmentation and coregis-
tration. Left: Anatomic images acquired with T2-weighted imaging show excellent contrast between different brain regions and brain injury, such as 
dilated ventricles (arrows) and intraventricular hemorrhage (arrowheads). Middle: Brain segmentation laid on anatomic images shows successful 
delineation of the brain regions (green, cortical gray matter; dark blue, white matter; gray, deep gray matter; light blue, ventricles; red, cerebrospinal 
fluid). Right: Arterial spin labeling images registered to the anatomic images show high-perfusion signal intensity, mostly in the gray matter.
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Preterm at TEA versus Full-term Infants
Preterm infants at TEA showed significantly higher mean 
CBF in all regions compared with full-term infants, as 
shown in Table 3 and Figure 6 (all P  .02). However, when 
comparing preterm infants with high-grade IVH and full-
term infants, no significant differences in mean CBF were 

found, except in the cerebellum, where a marginal differ-
ence was noted (P = .05). When comparing CBF from scans 
acquired within a predefined TEA period (range, 37–42 
weeks PMA), which is a subset of all TEA scans (range: 35 
weeks 6 days to 46 weeks 1 day PMA), no significant dif-
ferences in mean CBF were observed between preterm and 

Table 3: CBF Measurements in Preterm and Full-term Infants

ROI
All (mL/ 
100 g/min)

Preterm Full-Term 
Infants 
(mL/ 
100 g/
min) P Value

PA IVH

TEA Scan (mL/ 
100 g/min)

Low (mL/ 
100 g/min)

High (mL/ 
100 g/min) P Value

Low (mL/ 
100 g/min)

High (mL/ 
100 g/min) P Value

CGM 13.5  0.3 13.5  0.3 13.8  0.7 .69 13.8  0.3 12.5  0.7 .05 14.7  0.4 12.2  
0.7

.007

WM 9.4  0.2 9.5  0.2 9.6  0.5 .88 9.7  0.2 8.7  0.4 .01 11.8  0.3 10.1  
0.6

.02

DGM 17.0  0.4 17.2  0.4 17.0  1.0 .87 17.6  0.4 15.3  0.8 .01 19.4  0.6 15.2  
1.2

.003 

Cerebellum 18.8  0.5 19.0  0.5 19.9  1.6 .96 19.5  0.6 16.8  1.3 .05 21.3  0.7 15.7  
1.3 

,.001

Global 11.9  0.2 12.0  0.3 12.2  0.6 .76 12.3  0.3 11.0  0.4 .009 14.2  0.4 11.7  
0.7

.006

Note.—Data are mean  standard error. CGM = cortical gray matter, DGM = deep gray matter, IVH = intraventricular hemorrhage, PA = 
parenchymal abnormality, ROI = region of interest, TEA = term-equivalent age, WM = white matter.

Figure 3:  (a) Scatter plot shows hematocrit level measured in preterm infants. 
(b) Scatter plot shows T1 relaxation time of blood (T1b) estimated from hematocrit 
measurement at either 1.5 T or 3.0 T depending on MRI field strength. Postmen-
strual age (PMA) indicates PMA at hematocrit measurement rather than PMA at 
MRI. (c) Scatter plot shows global cerebral blood flow (CBF) in preterm infants 
quantified by using estimated T1b. There was no significant difference in mean 
CBF between the two field strengths when controlling for PMA. Regression lines 
were calculated using generalized estimating equation models to accommodate 
repeated measures from the same infant. A second-order polynomial was included 
in the T1b model at 1.5 T due to the significance of the quadratic term at P  .10, 
whereas the other regression lines were linear.
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full-term infants, except in the cerebellum (P = .02), where 
full-term CBF remained lower.

Association between CBF and Clinical Risk Factors
Among all clinical risk factors examined, only PDA was sig-
nificantly associated with mean CBF in preterm infants. The 
averages of regional CBF in different preterm infant groups 
stratified by PDA are included in Table 4. Preterm infants 
with medically managed PDA had lower regional CBF in 
the WM and DGM (both P = .03) compared with preterm 

infants without PDA. There was no significant difference in 
mean CBF between preterm infants with surgically ligated 
PDA treatment and those without PDA (all P  .5).

Discussion
We report that serial third-trimester cerebral blood flow (CBF) 
increased significantly in all brain regions with advancing post-
menstrual age (PMA), with the cerebellum exhibiting both 
the highest mean and the most rapid increase of CBF. We also 
demonstrate that CBF was associated with intraventricular 

Figure 4:  Scatter plots show regional or global cerebral blood flow (CBF) in 
preterm infants acquired from all three longitudinal arterial spin labeling scans. Re-
gression lines were calculated using generalized estimating equation models to in-
clude all repeated measures from the same participant. Second-order polynomial 
models were used for white matter (WM) and cerebellum due to nonlinearity P  
.10, whereas linear regression was used for the other regions. There were signifi-
cant regional differences in mean CBF, and mean CBF significantly increased with 
advancing postmenstrual age (PMA) in all regions. The cerebellum demonstrated 
both the highest mean CBF and the most rapid increase in CBF. See also Figure 
E1 (online). CGM = cortical gray matter, DGM = deep gray matter.



Longitudinal Trajectories of Regional Cerebral Blood Flow

698	 radiology.rsna.org  n  Radiology: Volume 299: Number 3—June 2021

hemorrhage and patent ductus arteriosus (PDA) and was higher 
in preterm infants at term-equivalent age (TEA) than in full-
term control infants.

When ASL is applied to newborns, there are several pitfalls 
in selecting parameters for data acquisition and data analysis. 
First, postlabeling delay must be increased compared with that 
in children or young adults because of slower blood velocity 
in the newborn brain (24,25). Second, T1b needs to be mea-
sured in each infant for accurate quantification because T1b of 
newborns is different from that of adults and because there is a 

wide variation across different infants and different ages (19). 
Last, while many preterm ASL studies used small regions 
of interest drawn manually on a few slices (6,7,11,13–15), 
larger regions of interest may be desirable for increased con-
fidence in ASL measurements through massive signal averag-
ing within each region (26). In this study, we addressed these 
obstacles to acquire reliable measurements of regional CBF in 
newborn infants. Measurement of exact arterial transit delay 
in newborns may be warranted in future studies to confirm 
optimal postlabeling delay.

Figure 5:  (a–e) Regional and global cerebral blood flow (CBF) measured 
in preterm infants with low- and high-grade parenchymal brain abnormalities. 
There were no significant differences in mean CBF between the two groups in any 
region. Regression lines were calculated using linear or second-order polynomial 
regression models depending on nonlinearity P values. CGM = cortical gray mat-
ter, DGM = deep gray matter, PMA = postmenstrual age, WM = white matter (Fig 
5 continues).
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Our quantified global CBF measurements in preterm infants 
are largely in agreement with previous preterm ASL studies (6–
9,12–15). Our measurements are most comparable to those in 
the studies by De Vis et al (7–9), in which T1b was measured 
in each infant, similar to our study. Our measurements also 
showed good agreement with preterm studies of other imag-
ing modalities, such as PET (27), near-infrared spectroscopy 
(28), xenon clearance technique (29), and US (30). Among 
these, our measurements showed the best agreement with the 
study based on PET (mean CBF of 11.6 mL/100 g/min at 32 

weeks), which is the reference standard for CBF measurements 
in humans.

Our longitudinal analysis of preterm infants demonstrated 
that mean CBF significantly increased with advancing PMA in 
all regions during the third trimester, likely reflecting acceler-
ated brain development and increasing metabolic demand for 
blood-borne oxygen and nutrients in this critical period. Also, 
mean CBF was significantly different across brain regions, being 
highest in the cerebellum, followed by DGM, CGM, and WM. 
To our knowledge, no previous studies have measured CBF in 

Figure 5 (continued). (f–j) Regional and global CBF measured in preterm infants 
with low- and high-grade intraventricular hemorrhage (IVH). In all regions, mean 
CBF in preterm infants with high-grade IVH was either significantly or marginally 
lower than mean CBF in preterm infants with low-grade IVH. Significant differences 
in mean CBF between the two groups of low- and high-grade IVH were estimated 
using least squares means estimates from generalized estimating equation models 
controlling for postmenstrual age (PMA). Regression lines were calculated using 
linear or second-order polynomial regression models depending on nonlinearity 
P values. CGM = cortical gray matter, WM = white matter, DGM = deep gray 
matter.
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Figure 6:  Scatter plots show comparison of regional and global cerebral 
blood flow (CBF) measured in preterm infants at term-equivalent age and in 
full-term infants. Mean CBF of full-term infants was significantly lower than that of 
preterm infants in all regions based on analysis of covariance models adjusting for 
postmenstrual age (PMA). CGM = cortical gray matter, DGM = deep gray mat-
ter, FT = full-term, PT = preterm, WM = white matter.
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the cerebellum. However, it has been shown that the cerebellum 
has the most rapid volumetric growth during the third trimester 
in both healthy fetuses and preterm infants (3,31), which is in 
line with our CBF results in the present study.

We report a significant association between CBF and IVH 
in preterm infants. Previous studies also demonstrated associa-
tions between brain injury and low ASL CBF (12–14) or low 
oxygen delivery based on results of near-infrared spectroscopy 
(32,33). Particularly, one study showed that oxygen delivery in 
the preterm brain was associated with IVH but not parenchymal 
injury (32). Another study demonstrated that lower cerebral oxy-
genation in the preterm brain was associated with higher-grade 
IVH, while cerebral oxygenation was not affected by fetal in-
flammation, which increases the risk of parenchymal WM injury 
(33). It has been suggested that development of IVH may be 
associated with fluctuating blood flow or reduced arterial blood 
pressure (34).

Mean CBF was significantly higher in preterm infants than 
in full-term infants in the present study, which is consistent with 
the results of previous preterm ASL studies (6,10,12,13). Higher 
postnatal age of preterm infants has been suggested to be respon-
sible for higher CBF (6,12,13), presumably as a result of longer 
exposure to the extrauterine environment, which advances brain 
development (35).

Interestingly, infants with ligated PDA showed no difference 
in mean CBF compared with infants without PDA, whereas 
infants with medically managed PDA showed significantly re-
duced mean CBF. This may be related to the fact that PDA li-
gation was mostly performed before MRI 1 or MRI 2 in our 
protocol; thus, CBF was possibly restored by the time of MRI. 
Further studies with concurrent assessments of ductus arteriosus 
and CBF are needed to better address the mechanisms underly-
ing this important association.

This study had limitations. First, the field strength we used 
was heterogeneous. While full-term scans were performed at 3.0 
T for enhanced signal-to-noise ratio, early preterm scans had to 
be performed at 1.5 T because the lower patient weight would 
increase specific absorption rate. However, we carefully deter-
mined relaxation times for quantification and confirmed there 
were no significant differences in mean CBF between the two 
field strengths. Second, the current labeling efficiency of pseu-
docontinuous ASL may not be optimal for preterm infants. 
The default parameters of pseudocontinuous labeling pulses are 

optimized for blood velocity in 
the adult carotid arteries, and 
labeling efficiency may dimin-
ish with slower blood flow in the 
newborn brain (16).

We report the longitudinal 
trajectories of regional cerebral 
blood flow (CBF) in preterm 
infants across the ex utero third 
trimester. Regional CBF in all 
areas increased significantly with 
advancing postmenstrual age, 
with the cerebellum showing the 
most rapid increase and highest 

mean CBF during this period. Lower CBF was associated with 
intraventricular hemorrhage but not parenchymal abnormalities. 
Lower CBF also was associated with medically managed patent 
ductus arteriosus (PDA) but not ligated PDA. Future work should 
assess the relationship between CBF trajectories and long-term 
neurodevelopment outcomes in infants undergoing ex utero brain 
development across the third trimester, to demonstrate that CBF 
measurement may be used as an early biomarker for neurodevel-
opmental impairments in this high-risk population.
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