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Survival rates for children born very preterm (gestational 
age, 28–32 weeks) and extremely preterm (EP) (gesta-

tional age, ,28 weeks) have considerably increased due 
to advances in neonatal care (1). Nonetheless, a high inci-
dence of neurologic disability affects EP survivors; seizures 
are noted in 12% (2), cerebral palsy in 5%–10%, other 
motor disturbances in 25%–40%, and cognitive, atten-
tional, behavioral, and socialization disturbances in 25%–
50% (3). Among these individuals, perinatal injury may 
alter development in white matter (WM) and gray matter 

(GM) and may disrupt myelination, leading to dysmatu-
ration (3,4). Quantitative MRI (qMRI) neuroimaging 
generates rich information about the brain without the use 
of ionizing radiation and can serve as a potential biologic 
marker for these neurodevelopmental events in the study 
of neuroprotective and neurorestorative interventions (3).

The most studied qMRI parameters are measures of 
water mobility at diffusion MRI (5,6). Diffusion MRI 
studies identified WM microstructural differences be-
tween preterm and term-born cohorts through childhood 
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ticipants. Atypically versus neurotypically developing girls had lower nPD (mean, 557 10 3 percent unit [pu] 6 46 [SD] vs 573 
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per kB/cm3 [95% CI: 279.7, 245.0]; P = .03).

Conclusion: Atypically developing participants showed sexual dimorphisms in the cerebrospinal fluid–normalized proton density 
(nPD) and T2 of both white matter (WM) and gray matter. Atypically versus neurotypically developing girls had lower WM nPD, 
while atypically versus neurotypically developing boys had longer WM T1 and more moderate T1 associations with microstructural 
organization in WM.
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(7,8), adolescence (9,10), and adulthood (11). Similar studies 
also identified sex-related WM microstructural differences at 
adolescence (12,13), although these differences are still poorly 
understood (14). These differences were detected in the absence 
of gross WM abnormalities, demonstrating the usefulness of 
MRI for uncovering subtle, subvoxel abnormalities (15). The 
spectrum of qMRI parameters also comprises measures of 
water content (16), macromolecular content reflected in the 
relaxation times (T1 and T2), and mobile-immobile water ex-
change, adding potentially valuable information about atypical 
brain development (17–21).

We hypothesized that multiparametric qMRI could reveal 
underlying brain tissue patterns and relationships that could 
further characterize the biologic features of tissue related to ab-
normal neurologic outcomes, specifically, relationships between 
tissue quantity (volumetry), tissue quality (water content, relax-
ometry), and tissue microstructure with use of spatial entropy 
mapping. We compared the multiparametric qMRI parameter 
distributions in four subgroups of adolescents born EP, distin-
guished by sex and the presence of neurologic disorders, specifi-
cally autism spectrum disorder, cerebral palsy, epilepsy, or full-
scale intelligence quotient less than 85.

The purpose of this research was to study multiparametric 
qMRI measures of water content, relaxometry, microstructural 

Abbreviations
Atypf = atypically developing female participants, Atypm = atypically 
 developing male participants, CSF = cerebrospinal fluid, EP = ex-
tremely preterm, FSE = fast spin echo, GM = gray matter, ICM  = 
intracranial matter, IPP = image processing pipeline, nPD = CSF-
normalized proton density, Ntypf = neurotypically developing female 
participants, Ntypm = neurotypically developing male participants, 
qMRI = quantitative MRI, SEd = spatial entropy density, TSE = turbo 
spin echo, WM = white matter

Summary
For 368 adolescents born extremely preterm, multiparametric quantita-
tive MRI measures of proton density, T1, and T2 and their associations 
with microstructure helped identify potential biologic markers of atypi-
cal brain development.

Key Results
 n Atypically versus neurotypically developing girls had lower cere-

brospinal fluid–normalized proton density (nPD) in white mat-
ter (WM) (mean, 557 10 3 percent unit [pu] vs 573 10 3 pu, 
respectively; P = .04); atypically versus neurotypically developing 
boys had longer T1 (814 msec vs 789 msec; P = .01) in WM.

 n Atypically developing girls versus boys had lower nPD in WM 
(557 10 3 pu vs 580 10 3 pu; P = .006) and gray matter (GM) 
(757 10 3 pu vs 779 10 3 pu; P = .02) and shorter T2 in WM 
(86 msec vs 88 msec; P = .003) and GM (101 msec vs 102 msec; 
P = .02).

Figure 1: Flowchart of participant selection from each of the 12 participating institutions. ELGAN-ECHO = Extremely Low Gestational Age Newborns–
Environmental Influences on Child Health Outcomes, qMRI = quantitative MRI, TSE = turbo spin echo.
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organization, and tissue volumes as potential biologic markers 
of development, characterizing atypically and neurotypically de-
veloping states for brains of girls and boys born EP, defined by 
an integrated, semiautomated image processing pipeline (IPP).

Materials and Methods

Participants and Ethics
Enrollment in this prospective study was approved by the 
 institutional review boards of all 12 participating institutions 
of the Extremely Low Gestational Age Newborns–Environ-
mental Influences on Child Health Outcomes, or ELGAN-
ECHO, Study (http://www.elganstudy.org). The study was 
Health  Insurance Portability and Accountability Act–compli-
ant, with obtained parental consent and participants’ assent.

From 2002 to 2004, 1249 mothers of 1506 infants born EP 
consented to participate in the ELGAN-ECHO Study (22). At 
age 15, 700 of 1198 (58%) surviving adolescents re-enrolled 
for additional follow-up, of whom 465 (66%) assented to un-
dergo brain MRI. A total of 42 of 700 (6%) participants were 
previously studied to assess kidney disease risk factors (23). The 
analyses herein are independent of this prior report and others 
at earlier ages (http://www.elganstudy.org/publications).

Cognitive evaluations were administered by certified child 
psychologists. Diagnosis of autism spectrum disorder (24), 
cerebral palsy (25), and epilepsy (2) was conducted by evalu-
ators who were unaware of participants’ medical histories be-
sides EP birth. Twenty-six participants were excluded because 
the MRI examinations were performed at 1.5-T field strength. 
Four participants were excluded due to severe motion artifacts. 
Fourteen participants were excluded for dental ware–induced 
magnetic susceptibility artifacts. Eight participants were ex-
cluded because of coregistration errors between concatenated 
qMRI acquisitions. Finally, 45 participants were excluded for 
incompatible voxel size and minor imaging protocol deviations 
(Fig 1). Participants were separated into atypically and neuro-
typically developing groups based on the presence of autism 
spectrum disorder, cerebral palsy, epilepsy, or full-scale intel-
ligence quotient below 85.

Image Acquisition
The ELGAN-ECHO MRI protocol included two concate-
nated scans implemented with identical geometry and receiver 
settings, namely a dual-echo turbo spin-echo (TSE) and a sin-
gle-echo TSE, referred together as a triple TSE (fast spin-echo 
[FSE]) (Figs 2, E1 [online]: triple FSE for GE and triple TSE 
for Philips and Siemens). It is a triple-weighting acquisition: 
directly acquired image (ie, DA) 1 = proton density–weighted, 
DA2 = T2-weighted, and DA3 = T1-weighted. Typical imag-
ing parameters (Siemens) were as follows: voxel = 0.5 3 0.5 3 
2 mm; first and second effective echo times = 12 msec, 102 
msec; long repetition time = 10 seconds and short repetition 
time = 0.5 second, with a scanning time of 7 minutes 34 sec-
onds. Timing parameters varied among the 14 scanners (Table 
1). Highly refocused TSE readouts minimized adverse metallic 
artifact effects.

Image Processing Pipeline
The IPP consisted of segmentation and mapping algorithms 
 programmed in Python (version 3.8.11) with the Anaconda 
Navigator (version 2.0.4) (Appendix E2 [online]). This au-
tomated, multisubject IPP required two Fiji-based prepara-
tion steps  (version 2.1.0, National Institutes of Health) (26): 
(a) editing the intracranial matter (ICM) and (b) delineating 
the cerebellum. The IPP then consecutively processed im-

Figure 2: Example triple turbo spin-echo brain MRI scans in (A) neurotypically 
developing and (B) atypically developing extremely preterm–born adolescents. 
Proton density (PD)–weighted, T2-weighted, and T1-weighted images are pro-
vided. MRI scans in the atypically developing participant (full-scale intelligence 
quotient ,85) demonstrated qualitatively smaller white and gray matter volumes 
and nearly indistinguishable tissue contrast compared with the neurotypically de-
veloping participant.
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ages from all study participants unattended at 30 minutes per 
individual at native spatial resolution (Table 1, Fig E2 [on-
line]). The cerebrospinal fluid (CSF)–normalized proton den-
sity (nPD), T1, and T2 qMRI maps, histograms, and mean 
values were exported for the ICM, cerebrum, and cerebellum 
(Fig E3 [online]).

Multiparametric qMRI harmonization.—Although the physi-
cal principles of the triple TSE (FSE) are fundamentally equiva-
lent across vendors, manufacturer-specific variations cannot be 
ruled out. Three harmonization parameters (cf1, cf2, and cf3, 
for nPD, T1, and T2, respectively) were incorporated into the 
triple TSE (FSE) Bloch equation model, which is a function of 
pulse sequence control variables (Appendix E3 [online]). The 
IPP was run at half spatial resolution (voxel = 1.0 3 1.0 3 
2 mm) to reduce total processing time, until the calibration 
parameters minimized interscanner discontinuities of cerebral 
WM nPD, T1, and T2 values. The IPP was then run at full 
resolution (Fig E4, Table E1 [online]).

WM texture at R1-weighted synthetic MRI.—WM texture hid-
den in nPD maps was uncovered with use of R1-weighted syn-
thetic MRI (27,28):

  (1)
where the useful range of the weighting parameter is Ω =  
{0, 5R1(WM)}. This parameter was automatically adjusted for 
each participant with Ωopt = 4R1(WM) to generate consistent 
texture conspicuity (Fig E5 [online]).

Spatial entropy.—The spatial entropy of an image A at pixel  
(m, n) was calculated with (29)

      (2)

in which h(m, n) is the histogram of gray levels in a disk 
of radius R, centered about pixel (m, n). We used the en-
tropy function of Scikit-Image (30) to generate spatial en-
tropy maps of ISynth (Eq [1]) with an optimized four-pixel 
disk radius (Appendix E4, Fig E6B [online]). Spatial entropy 
density (SEd) was calculated as the spatial entropy per unit 
volume of the WM microstructure.

Statistical Analysis
Demographic characteristics describe the sample (Table 2) and 
were not controlled for in later analyses. Tissue volumes and 
qMRI measures were compared for atypically versus neurotypi-
cally developing adolescents, stratified by sex, and for girls ver-
sus boys. Mean comparisons were performed with two-sample 
unequal variance two-tailed t tests, with P , .05 indicating 
statistically significant difference and 95% CIs provided for 
differences in means. Sex-stratified multiple regression models 
examined differences in the relationship between SEd (indepen-
dent variable) and T1, T2, or nPD (dependent variables), sum-
marized by the regression coefficients (ie, slopes) and 95% CIs 
of the independent variable. Interaction terms modeled differ-
ences in the slopes of these associations for atypically versus 
neurotypically developing adolescents, with P , .05 indicating 
statistically significant difference. Similar models examined dif-
ferences in the association between the CSF volume and CSF 
T2. Scatterplots were inspected for outliers and violations in 
the linearity and normality assumptions of linear regression.

Results

Participant Characteristic Differences: Demographic 
Factors
A subsample of 368 adolescents was selected from all par-
ticipating institutions as described in the participant selec-
tion flowchart (Fig 1) and was representative of the enrolled 
participants at age 15. Demographic characteristics of this 
sample are shown in Table 2. Participants were classified as 
atypically developing female participants (Atypf ) (n = 50; 
mean age, 15.5 years 6 0.6 [SD]), neurotypically developing 
female participants (Ntypf ) (n = 127; mean age, 15.4 years 6 
0.4), atypically developing male participants (Atypm) (n = 66; 
mean age, 15.4 years 6 0.5), or neurotypically developing 

Table 1: Triple TSE Imaging Parameters

Parameter Value
Geometry
 Imaging plane Axial
 Field of view (mm2) 240 3 240 (230–250)
 Acquisition matrix 512 3 512 (384–512)
 Pixel spacing (mm) 0.5 (0.46–0.6)
 Section thickness (mm) 2 (2–3)
 No. of sections 80 (50–97)
Contrast
 No. of frequency- 

encoding steps
SE-TSE (FSE): 255 (255–384) 

DE-TSE (FSE): 255 (255–384)
 No. of phase-encoding  

steps
SE-TSE (FSE): 255 (205–382) 

DE-TSE (FSE): 255 (210–369)
 Acceleration factor  

(SENSE, GRAPPA)
2

 Echo train length SE-TSE (FSE): 10 (3–10) 
DE-TSE (FSE): 20 (10–20)

 First effective echo time 
(msec)

12 (10–24)

 Second effective echo  
time (msec)

102 (93–115)

 Effective long repetition 
time (sec)

10 (5.2–14)

 Effective short repetition 
time (msec)

500 (475–700)

 Scanning time 7 min 34 sec (7 min 34 sec to 24 
min 21 sec)

Note.—Typical imaging parameters are provided for a Siemens 
Magnetom Prisma 3.0-T system. Ranges are provided in 
parentheses to account for variation across the 14 scanners 
(GE, Philips, Siemens). Identical scan geometry and receiver 
parameters allow concatenation of spin-echo sequences to form 
the triple turbo spin echo (TSE) and fast spin echo (FSE). DE-
TSE = dual-echo TSE, GRAPPA = Generalized Autocalibrating 
Partial Parallel Acquisition, SENSE = Sensitivity Encoding, SE-
TSE = single-echo TSE.
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male participants (Ntypm) (n = 125; mean age, 15.4 years 6 
0.4). Atypm versus Ntypm had 0.8 week (95% CI: 0.3, 1.1; P 
, .001) shorter gestational age. No evidence of a difference 
in mean gestational age was found between Atypf and Ntypf 
(26.3 weeks 6 1.1 vs 26.3 weeks 6 1.2; P = .97). Participant 
birth weight was 100 g lower (95% CI: 37, 163; P = .003) 
in Atypf versus Ntypf and 75 g lower (95% CI: 22, 127; P = 
.006) in Atypm compared with Ntypm. The age at MRI was 
not different for atypically versus neurotypically developing 
boys (P = .82) or girls (P = .12). Finally, atypically developing 
girls had longer gestational age than boys (26.3 weeks 6 1.1 
vs 25.5 weeks 6 1.3; P = .001).

Multiparametric qMRI Differences between Atypically and 
Neurotypically Developing Participants
Atypically and neurotypically developing participants were 
distinguished by several volumetric measures and qMRI tis-
sue metrics of WM and GM. Processing of the images in 
the EP participants with the IPP took approximately 7 days. 
ICM, cerebrum, and cerebellum volumes were smaller in 
Atypf versus Ntypf  and Atypm versus Ntypm. In the ICM 
(Table 3), Atypf versus Ntypf WM volume was 34 cm3 
smaller (95% CI: 19.4, 49.8; P , .001) and GM volume 
was 55 cm3 smaller (95% CI: 33.0, 77.3; P , .001). For 
Atypm versus Ntypm, WM volume was 27 cm3 smaller (95% 

CI: 10.2, 43.6; P = .002) and GM 
volume was 36 cm3 smaller (95% 
CI: 14.2, 59.4; P = .002). Mean 
CSF volumes were not different 
for atypically versus neurotypi-
cally developing girls (23 cm3 6 
10 vs 23 cm3 6 17; P = .72) or 
boys (31 cm3 6 42 vs 22 cm3 6 
13; P = .07). See Tables E2 and 
E3 (online) for cerebrum and 
cerebellum volumes and qMRI 
metrics.

Atypically developing and 
neurotypically developing partic-
ipants differed in nPD, T1, and 
SEd. In the ICM, Atypf had lower 

Table 2: Demographic Breakdown of the Selected ELGAN-ECHO Sample

Variable
Atypically  
Developing Girls

Neurotypically  
Developing Girls

Atypically  
Developing Boys

Neurotypically 
Developing Boys

Age at MRI (y) 15.5 6 0.6 15.4 6 0.4 15.4 6 0.5 15.4 6 0.4
GA (wk) 26.3 6 1.1* 26.3 6 1.2 25.5 6 1.3† 26.3 6 1.1
Birth weight (g)  748 6 182†  848 6 182  803 6 159†  878 6 187

Note.—Data are means 6 SDs. The study sample was separated based on the presence of 
neurologic disorder (autism spectrum disorder, cerebral palsy, epilepsy, or full-scale intelligence 
quotient ,85). ELGAN-ECHO = Extremely Low Gestational Age Newborns–Environmental 
Influences on Child Health Outcomes, GA = gestational age.
* Statistically significant difference from value for atypically developing male adolescents born 
extremely preterm (EP). Significance was calculated with the two-tailed t test (P , .05).
† Statistically significant difference from value for neurotypically developing adolescents born EP.

Table 3: Summary of qMRI Outcomes: Volumetry, Water Content, Relaxometry, and Microstructural Complexity

qMRI Outcome
Atypically  
Developing Girls

Neurotypically  
Developing Girls

Atypically  
Developing Boys

Neurotypically 
Developing Boys

Volume (cm3)
 WM  399 6 45*†  433 6 48†  446 6 54*  473 6 57
 GM  611 6 64*†  666 6 73†  690 6 74*  726 6 77
 CSF  23 6 10  23 6 17  31 6 42  22 6 13
nPD (10 3 pu)
 WM  557 6 46*†  573 6 43  580 6 39  577 6 36
 GM  757 6 53†  765 6 44  779 6 38  772 6 38
 CSF 1127 6 75 1105 6 81 1088 6 87 1114 6 84
T1 (msec)
 WM  808 6 61  807 6 81  814 6 57*  789 6 82
 GM 1430 6 80 1420 6 101 1410 6 81 1416 6 91
 CSF 4690 6 921 4506 6 963 4545 6 910 4518 6 861
T2 (msec)
 WM  86 6 3†  86 6 3  88 6 4  87 6 4
 GM  101 6 3†  101 6 3†  102 6 4  102 6 4
 CSF 1853 6 100 1854 6 112 1854 6 112 1859 6 97
SEd (kB/cm3)
 WM   3.9 6 0.8   3.9 6 0.8   3.7 6 0.7   3.9 6 0.7

Note.—Data are means 6 SDs for the tissue compartments of the intracranial matter (white matter [WM], gray matter [GM], and 
cerebrospinal fluid [CSF]) within each group of adolescents born extremely preterm (EP). nPD = CSF-normalized proton density,  
pu = percentage units, qMRI = quantitative MRI, SEd = spatial entropy density.
* Statistically significant difference from value for neurotypically developing adolescents born EP.
† Statistically significant difference from value for male adolescents born EP. Significance was calculated with the two-tailed t test (P , .05).
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mean WM nPD than Ntypf (557 10 3 percent unit [pu] 6 
46 vs 573 10 3 pu 6 43; P = .04) and Atypm had longer mean 
WM T1 than Ntypm (814 msec 6 57 vs 789 msec 6 82;  
P = .01). Mean GM and CSF nPD, T1, and T2 were not 
different for atypically versus neurotypically developing ad-
olescents (Table 3). The cerebrum and cerebellum had simi-
lar differences for nPD, T1, and T2 of WM, GM, and CSF 

between atypically and neurotypically developing adoles-
cents. Atypm also had lower SEd than Ntypm in the cerebellar 
WM (4.7 kB/cm3 6 1.0 vs 5.2 kB/cm3 6 1.3; P = .02).

Multiparametric qMRI Differences between Girls and Boys
EP-born adolescents were also observed to have sex-related 
 differences in WM and GM volumes and qMRI metrics 

Figure 3: Multiparametric quantitative MRI parameters versus spatial entropy density (SEd). Scatterplots and linear fitting of the mean (A) T1, (B) normalized proton 
density, and (C) T2 values versus SEd of the white matter (WM) and gray matter (GM) for neurotypically and atypically developing extremely preterm (EP)–born adoles-
cents. Differences in the associations of T1 and SEd were observed in the WM between atypically and neurotypically developing boys. pu = percent unit.
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 (Table 3). In the ICM, WM volume in Atypf versus Atypm 
was 47 cm3 smaller (95% CI: 29.1, 66.0; P , .001) and 
GM volume was 79 cm3 smaller (95% CI: 53.5, 104.7; P 
, .001). For Ntypf versus Ntypm, WM volume was 40 cm3 
smaller (95% CI: 26.6, 53.0; P , .001) and GM volume 
was 60 cm3 smaller (95% CI: 42.0, 79.5; P , .001). CSF 
volumes were not different between Atypf and Atypm (23 
cm3 6 10 vs 31 cm3 6 42; P = .11) and Ntypf versus Ntypm 
(23 cm3 6 17 vs 22 cm3 6 13; P = .37). See Tables E2 
and E3 (online) for cerebrum and cerebellum volumes and 
qMRI metrics.

Sex-related differences were also observed in nPD, T2, 
and SEd (Table 3). WM in Atypf versus Atypm had 23 10 3 
pu (95% CI: 7.0, 39.1; P = .006) lower nPD, and GM had 
22 10 3 pu (95% CI: 4.0, 39.4; P = .02) lower nPD. Atypf 
versus Atypm also had shorter mean WM T2 (86 msec 6 3.3 
vs 88 msec 6 3.7; P = .003) and shorter mean GM T2 (101 
msec 6 3.0 vs 102 msec 6 4.1; P = .02). Ntypf had shorter 
GM T2 than Ntypm (101 msec 6 2.9 vs 102 msec 6 3.7; P 
= .03). We did not find evidence of sex differences between 
Ntypf and Ntypm WM or GM nPD and T1. The cerebrum 
had similar sex differences (Table E2 [online]). Cerebellums 
in Atypf versus Atypm had shorter mean WM T2 (89 msec 
6 3.5 vs 91 msec 6 3.1; P = .001) and on average 0.5 kB/
cm3 (95% CI: 0.1, 0.9; P = .03) greater SEd. Cerebellums in 
Ntypf had shorter mean WM T2 than in Ntypm (89 msec 6 
3.4 vs 90 msec 6 3.2; P = .04) (Table E3 [online]).

Multiple Regression of Multiparametric qMRI and Spatial 
Entropy
Multiple regression models revealed negative associations be-
tween mean T1, nPD, and T2 and SEd in the WM and GM of 
Atypf , Ntypf , Atypm, and Ntypm (Fig 3, Table 4). Comparison 
of the regression coefficients with use of an interaction term 
showed differences between Atypm and Ntypm. In the ICM, 
Atypm WM had a more moderate negative association between 
T1 and SEd compared with that of Ntypm (slope, 232.0 msec 
per kB/cm3 [95% CI: 249.8, 214.2] vs 262.3 msec per kB/
cm3 [95% CI: 279.7, 245.0]; P = .03). This difference was 
also observed in the cerebrum (Fig E9A, Table E4 [online]): 
Atypm versus Ntypm also had a more moderate negative associa-
tion between T1 and SEd (261.5 msec per kB/cm3 [95% CI: 
278.7, 244.4] vs 231.3 msec per kB/cm3 [95% CI: 249.3, 
213.4]; P = .03). While the association of mean nPD on SEd 
was negative in cerebellar WM in Atypm, it was positive in 
Ntypm (28.0 10 3 pu per kB/cm3 [95% CI: 219.0, 2.9] vs 
5.4 10 3 pu per kB/cm3 [95% CI: 20.2, 11.1]; P = .02) (Fig 
E10A, Table E5 [online]). The regression coefficients of qMRI 
associations with SEd for ICM, cerebrum, or cerebellum WM 
or GM in female participants did not differ.

Multiple Regression of Multiparametric qMRI and CSF
Multiple regression parameters of ventricular CSF relaxation 
times and volume are shown in Table 4. Among Atypf , Ntypf , 
Atypm, and Ntypm, mean T2 of ventricular CSF was positively 

Table 4: Linear Regression Analysis of Multiparametric qMRI and Microstructural Complexity

Intracranial  
Matter Variable

Girls

P Value

Boys

P Value
Atypically  
Developing

Neurotypically  
Developing

Atypically  
Developing

Neurotypically  
Developing

T1 vs SEd

 WM 215.1  
(236.6, 6.5)

227.9*  
(244.9, 210.9)

.40 232.0*  
(249.8, 214.2)

262.3*  
(279.7, 245.0)

.03

 GM 236.9*  
(263.3, 210.4)

254.6*  
(274.5, 234.7)

.33 248.7*  
(273.8, 223.6)

261.7*  
(281.9, 241.5)

.43

nPD vs SEd

 WM 216.8*  
(232.5, 21.2)

213.8*  
(222.8, 24.8)

.73 27.0  
(220.2, 6.3)

0.96  
(28.3, 10.2)

.32

 GM 211.4  
(230.1, 7.4)

28.7  
(218.3, 0.8)

.78 21.1  
(214.3, 12.2)

23.7  
(213.4, 6.0)

.75

T2 vs SEd

 WM 21.9*  
(23.0, 20.8)

21.3*  
(21.8, 20.7)

.27 21.5*  
(22.7, 20.3)

21.0*  
(21.9, 20.1)

.51

 GM 20.7  
(21.8, 0.3)

21.0*  
(21.6, 20.4)

.72 20.7  
(22.1, 0.7)

21.0*  
(21.9, 20.1)

.71

T2 vs volume
 CSF 2.8* (0, 5.5) 2.9*  

(1.8, 3.9)
.95 3.2*  

(2.0, 4.4)
3.0*  

(1.9, 4.2)
.84

Note.—Data are regression coefficients (slopes, reported in milliseconds per kilobyte per cubic centimeter), with 95% CIs in parentheses. 
CSF = cerebrospinal fluid, GM = gray matter, nPD = CSF-normalized proton density, qMRI = quantitative MRI, SEd = spatial entropy 
density, WM = white matter.
* Linear regression analysis revealed a linear association between qMRI variables (P , .05). P values indicate observed differences in the 
linear regression slopes between atypically developing and neurotypically developing adolescents born extremely preterm.
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associated with the volume of ventricular CSF (Fig 4). Com-
parisons of the regression coefficients for the association of mean 
CSF T2 on the volume of ventricular CSF with use of an inter-
action term did not show differences between Atypf and Ntypf 
(2.8 msec/cm3 [95% CI: 0, 5.5] vs 2.9 msec/cm3 [95% CI: 1.8, 
3.9]; P = .95). The coefficients for Atypm and Ntypm also did not 
differ (3.2 msec/cm3 [95% CI: 2.0, 4.4] vs 3.0 msec/cm3 [95% 
CI: 1.9, 4.2]; P = .84).

Discussion
Despite advances in neonatal care of individuals born extremely 
preterm (EP), there remains a high incidence of adverse neurologic 
outcomes. In our study, we hypothesized that multiparametric 
quantitative MRI (qMRI) could reveal insights into the underly-
ing biologic characteristics of abnormal neurologic outcomes. A 
Python-programmed image processing pipeline generated high-
spatial-resolution maps of cerebrospinal fluid–normalized proton 
density (nPD), T1, T2, and spatial entropy and calculated vol-
umes of the intracranial volume, cerebrum, and cerebellum for 
368 atypically and neurotypically developing adolescents born 
EP, stratified by sex. Multicenter harmonization, segmentation, 
and complete qMRI processing of triple turbo spin-echo brain 
MRI scans took approximately 30 minutes per participant. We 
detected sex-related group differences for nPD and T2 of white 
matter (WM) and gray matter (GM), with atypically develop-
ing female participants (Atypf ) having lower nPD and shorter T2 
than atypically developing male participants (Atypm). In addition 
to reduced WM and GM volumes, nPD was lower in Atypf ver-
sus neurotypically developing female participants, and T1 relax-
ation was longer in Atypm versus neurotypically developing male 
participants (Ntypm). Furthermore, the negative association of 
T1 and spatial entropy density was more moderate in Atypm com-
pared with Ntypm. Atypical development went beyond expected 
tissue quantity reductions, as implied by changes in qMRI.

Inflammation-inducing perinatal exposures may disrupt 
brain development through dysmaturation of preoligoden-
drocytes and WM axons (3). Changes in fractional anisotropy, 
apparent diffusion coefficient, and mean, axial, and radial 

diffusivity have been shown in neonates, school-aged children, 
and adolescents born premature as possible biomarkers of dis-
rupted WM microstructure (9,18,20,31). These outcomes also 
reflect sex-related WM microstructural differences at adoles-
cence (12,13). Furthermore, T1 has been shown to correlate 
with apparent diffusion coefficient, fractional anisotropy, and 
radial diffusivity in preterm neonates (18,20) and school-aged 
children (31). Our results complement the existing body of 
evidence that abnormal developmental pathways can be po-
tentially understood with use of multiparametric qMRI, with 
potential implications for improving diagnosis and therapeutic 
intervention—specifically, that nPD, T1, and T2 carry differ-
ential information distinguishing neurologically atypically and 
neurotypically developing girls and boys born EP and the as-
sociations with SEd (29,32) can provide additional insight into 
differences in the structural underpinnings of MRI relaxation.

Enlarged ventricular spaces are common complications of 
EP birth, which may accompany neurologic disorders. Com-
pared with term-born individuals, those born preterm demon-
strated increased CSF volume (33), with 12% of those born EP 
experiencing ventriculomegaly before discharge from neonatal 
intensive care (22). In our study, we found atypically and neu-
rotypically developing adolescents have no detectable differ-
ences in ventricular CSF volume and have positive associations 
between these volumes and the T2 of CSF. Previous studies 
demonstrated alterations in CSF T2 from carbon dioxide (34) 
or glucose level changes (35). Observed volume-related CSF 
variabilities may reflect the ability of the brain to modulate 
and maintain the homeostasis of parenchymal brain cells (36) 
following EP birth.

Our study has limitations. First, there were residual data 
harmonization imperfections. Although the triple TSE (FSE) 
has shared operational principles, its implementation can vary 
among vendors and even between scanner models and soft-
ware releases. Differences can exist in the TSE (FSE) readouts, 
variables, and phase encoding order implementations, which 
are not necessarily reported in the Digital Imaging and Com-
munications in Medicine headers. Such differences manifest in 

Figure 4: T2 versus cerebrospinal fluid (CSF) volume. Scatterplots and linear fitting of ventricular CSF relaxation times and volume for (A) boys and (B) girls. The pres-
ence of functional abnormality had limited impact on the association between the T2 relaxation and volume of CSF.
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qMRI parameter values, inducing discontinuities between sites 
and scanners and requiring corrective measures in the mapping 
algorithms. Ultimately, harmonization success relies on being 
discriminative for the biologic variable of interest while being 
indistinguishable with respect to the scanner used to acquire the 
data (37). As the radiology practice shifts to generating more 
quantitative measures, manufacturers will likely move toward 
image acquisition preharmonization, facilitating large-scale mul-
tisite multivendor studies and clinical practice. Second, the prev-
alence of metallic braces and dental implants during adolescence 
restricted the number of processable data sets.

In conclusion, the brain of adolescents born extremely pre-
term has a broad distribution of developmental states that can 
be quantified with use of volumetry, normalized proton density, 
T1, and T2, including their association with spatial entropy 
density (SEd), which differs based on the presence of neurologic 
disorder and the patient sex. Differences in the measured param-
eters and their relationships with tissue organization were found 
when comparing atypically and neurotypically developing ado-
lescents stratified by sex. Notably, atypically developing partici-
pants show more marked sexual dimorphisms in cerebrospinal 
fluid–normalized proton density (nPD) and T2 than neurotypi-
cally developing participants, perhaps further characterizing the 
known heightened vulnerabilities of atypically developing boys. 
Atypically developing girls had lower nPD than neurotypically 
developing girls. Furthermore, atypically developing boys had 
longer T1 and more moderate associations of T1 and SEd com-
pared with neurotypically developing boys, possibly indicating 
lessened tissue architecture organization. Further studies are 
needed to complement these findings with nonimaging clinical 
outcomes and perinatal inflammatory antecedents.
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