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Quantitative Analysis of MR Images in Asphyxiated
Neonates: Correlation with Neurodevelopmental Outcome

Abdulhakim Çoskun, Maarten Lequin, Mark Segal, Daniel B. Vigneron, Donna M. Ferriero, and
A. James Barkovich

BACKGROUND AND PURPOSE: MR imaging has been shown to be of prognostic signifi-
cance in the evaluation of asphyxiated neonates. The purpose of this project was to determine
whether the use of intensity ratios in key regions of the brain might better detect regions of
injured brain and thus improve the correlation of imaging findings with 12-month neurode-
velopmental outcome.

METHODS: Prospectively acquired MR studies of 53 asphyxiated neonates were reviewed
retrospectively. Signal intensities from standard T1- and T2-weighted images of seven major
brain regions that are affected in asphyxia were measured. Intensity ratios were calculated by
dividing the signal intensity of each brain region by the signal intensity of the ocular vitreous.
The intensity ratios were then correlated with 12-month neurodevelopmental outcome. These
results were compared with correlations determined by a qualitative scoring system.

RESULTS: The only significant statistical correlation between the intensity ratios and 12-
month neurodevelopmental outcome were those of anterior watershed injury with the Mental
Development Index of the Bayley Scales of Infant Development II. The qualitative measure-
ments showed a strong correlation with many outcome parameters.

CONCLUSION: Standard qualitative assessment is more predictive of neurodevelopmental
outcome than is quantitative analysis. This finding most likely reflects the inability of the quan-
titative assessment of intensity ratios to compensate for the day-to-day evolution of signal in-
tensity of the injured neonatal brain. Anterior watershed injury may be predictive of abnormal
cognitive outcome; examination of these patients at age 30 months will be important to deter-
mine the accuracy of this observation.

Hypoxic-ischemic encephalopathy is one of the
major causes of morbidity in newborns (1, 2). Sev-
eral studies in humans and animals have shown that
early detection of CNS injuries is possible using
various MR imaging techniques (3–9). The changes
seen on routine T1- and T2-weighted sequences are
characteristic, but are often subtle and may not be
apparent until several days after the injury (6, 7, 9,
10). Early detection is important, because it may
allow early intervention to prevent further deteri-
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oration of the CNS insult through the use of special
neuroprotective agents. Furthermore, it is crucial to
know if the brain of an imaged neonate is normal
in order to avoid potential undesirable side effects
of neuroprotective agents on a healthy brain (7, 11).

The use of standard imaging sequences in as-
phyxiated neonates is limited by several factors: 1)
standard sequences are typically evaluated quali-
tatively and these qualitative evaluations are diffi-
cult to reproduce; 2) diffuse injuries may be diffi-
cult to detect if all parts of the brain are equally
affected; and 3) the qualitative nature of standard
sequences makes them difficult to compare with the
easily quantitated diffusion images.

In this project, intensity ratios were calculated
from regions of interest (ROIs) on standard MR
sequences of asphyxiated neonates to test whether
quantitation might improve the reproducibility of
image evaluation and increase sensitivity of stan-
dard imaging techniques for detecting CNS injuries
in the acute phase. We then correlated the intensity
ratios with outcome to determine whether there
were significant differences in intensity measure-
ments between those with normal and abnormal
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TABLE 1: The standardized locations of regions of interest

Location of
Region of Interest Description

Eyeball Central part of vitreous
Basal ganglia Centered 1.0 cm posterior to tip of frontal

horn at level of foramen of Monro
Thalamus Centered on midpoint between anterior

and posterior commisure; 2.0 mm later-
al to interhemispheric fissure

Anterior frontal
white matter

Centered 1.0 cm posterior and 1.0 cm lat-
eral to medial aspect of the frontal pole
at the level of the body of the lateral
ventricle

Anterior watershed Centered 1.5 cm posterior and 1.5 cm lat-
eral to anterior part of the interhemis-
pheric fissure at the upper level of the
body of the lateral ventricle

Posterior watershed Centered 2.0 cm anterior and 2.0 cm lat-
eral to posterior part of the interhemis-
pheric fissure at the upper level of the
body of the lateral ventricle

Prerolandic gyrus Anterior and more medial part of the cen-
tral sulcus above the level of the body
of the lateral ventricle

Postrolandric gyrus Posterior and more medial part of the
central sulcus above the level of the
body of the lateral ventricle

neurodevelopmental outcome at age 12 months. We
also investigated which MR sequence has the best
correlation with 12-month neuromotor examination
and mental development. Finally, we compared the
results with those of a qualitative scoring system,
which was assessed on standard MR sequences.

Methods

Patient Data

At the time of this study, 4082 consecutive term babies ad-
mitted to our neonatal intensive care unit had been screened
prospectively as part of an ongoing study investigating the util-
ity of MR imaging in assessing brain injury of asphyxiated
neonates. Entry criteria for the study were 1) umbilical artery
pH less than 7.1, 2) umbilical artery bases deficit greater than
10, or 3) 5-minute Apgar score less than or equal to 5. Infants
with suspected or confirmed congenital malformations or con-
genital infections and those born before 36 weeks’ gestational
age (in total, 71 infants) were excluded from the study. The
protocol was approved by the committee on human research
at our institution. Participation in the study was voluntary; the
babies were studied only after informed consent was obtained
from their parents. Of the 110 babies that met the inclusion
criteria, 15 declined (via their parents) to be studied by MR
imaging after initially enrolling in the study. Thus, a total of
95 babies were enrolled and studied, and, of those, 53 (33 boys
and 20 girls) who underwent 12-month neuromotor and mental
development examinations are reported in this article.

MR Data

Attempts were made to perform the MR study as soon as
consent was obtained from the parents and the neonate was
considered stable enough to be transported to the MR unit.
The MR examination, performed at 1.5 T using the standard
quadrature head coil with no aids (such as water bags), con-
sisted of noncontrast 4-mm axial spin-echo (500/11/2 [TR/TE/
excitations]) images and 4-mm axial spin-echo (3000/60,120/1)
images through the entire brain. Both quantitative and quali-
tative scoring was performed for all three of these sequences
for each patient. The quantitative measurements were per-
formed by placing ROI boxes (each measuring 40 mm2) in
seven standardized places: the basal ganglia, thalamus, anterior
frontal white matter, anterior and posterior watershed areas,
and pre- and postrolandic regions (See Table 1 and Fig 1).
These seven voxel locations were determined on the basis of
reports showing that these are the major regions that are af-
fected in asphyxiated neonates (1, 2, 12, 13). For every region,
a standardized voxel measurement was obtained (Table 1). Be-
cause of variations in intensity due to coil loading and other
acquisition conditions, all measurements were expressed as ra-
tios with the intensity of the regional ROI as the numerator
and the intensity of the vitreous of the ocular globe on the
same sequence as the denominator.

All intensity measurements were performed by two radiol-
ogists, who were blinded to the qualitative scores and to all
clinical parameters and outcomes. Measurements in the first 10
patients were performed twice by both radiologists. Analysis
of the data revealed that both the inter- and intraobserver var-
iability of the ratio measurements was less than 2%. Subse-
quent measurements were performed by one radiologist for all
patients.

The qualitative assessments and scoring were performed as
described in the literature (6). As in that analysis, three scores
were assigned: basal ganglia, watershed (W), and combined
basal ganglia/watershed. These assessments were performed
twice, at different times, in each patient by a single neurora-
diologist, who was blinded to the quantitative scores and the
clinical parameters and outcomes. Intraobserver variation for

the qualitative scores was 1.5%. Some of these scores have
been reported previously (6).

Neurodevelopmental Examinations

All 53 subjects underwent a neurologic examination at age
12 months by an experienced child neurologist, who was blind-
ed to the results of the imaging studies and to the clinical
course of the infant. The results of the neurologic examination
were classified as normal or abnormal. The five infants who
died before undergoing neuromotor examination at 12 months
all had significant neurologic abnormalities detected before
death and were included in the study (and classified as abnor-
mal). In addition to the standard neurologic examination, de-
velopment was assessed by administering the Mental Devel-
opmental Index (MDI) of the Bayley Scales of Infant
Development II (14).

Data Analysis

Univariate assessments of association of the various MR ra-
tios with outcome were performed in a variety of ways, de-
pending on outcome type. For the binary (normal/abnormal)
classification of neurologic examination at 12 months, the MR
ratios were compared between normal and abnormal groups
using the t test and Wilcoxon two-sample test. Boxplots were
used to visualize differences and appraise test assumptions; no
indications of lack of symmetry emerged, so transformations
were not pursued. For the continuous MDI at 12 months, uni-
variate linear regressions were performed for each MR ratio.
Corresponding scatterplot smooths of MDI against each MR
ratio were used to assess linearity. Multivariate analyses in-
cluded stepwise and subset selection strategies to fit logistic
(for neurologic examination) and multiple (for MDI) regres-
sion models. A parallel analysis plan was used to evaluate the
qualitative variables. Qualitative data were correlated with out-
come parameters as described previously (6).
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FIG 1. Locations of the 40-mm2 voxels used in the study (see Table 1). The location of the eyeball voxel is obvious and not illustrated.
The lines show how the measurements were made to keep the locations consistent.

A, MR image shows location of voxels for basal ganglia (1) and thalamus (2). (The box adjacent to the trigone/occipital horn of the
right lateral ventricle was for another project.)

B, MR image shows location of voxels for frontal white matter (3).
C, MR image shows location of voxels for prerolandic (4), postrolandic (5), posterior watershed (6), and anterior watershed (7) areas.

TABLE 2: Quantitative analysis
A: Results from stepwise logistic regression using quantitative MR variables

Variable

Outcome: 12-Month Neurologic Examination

Parameter Estimate Standard Error Wald x2 PR . x2 Standardized Estimate Odds Ratio

PD/BG
T2/BG

20.0270
0.0284

0.0132
0.0169

4.1722
2.8217

.0411

.0930
21.424702

1.031536
0.973
1.029

Note.—/PD/BG indicates proton-density/basal ganglia; T2/BG, T2-weighted/basal ganglia.

B: Results from stepwise linear regression using quantitative MR variables

Variable

Outcome: 12-Month Neuromotor Examination

Parameter Estimate Standard Error Type II Sum of Squares F Prob . F

Age/MR 20.19272487 0.08520255 16.51765484 5.12 .0282

Note.—Similar results are obtained using proportional odds regression, which more strictly reflects the seven ordered categories comprising the
12-month neuromotor examination outcome; Age/MR indicates age at MR imaging.

C: Results from stepwise linear regression using quantitative MR variables

Variable

Outcome: 12-Month Mental Developmental Index

Parameter Estimate Standard Error Type II Sum of Squares F Prob . F

T1/AW
PD/TH

20.20317710
0.09808597

0.04399745
0.02324957

4437.03792768
3703.24488895

21.33
17.80

.0001

.0001

Note.—T1/AW indicates T1-weighted/anterior watershed; PD/TH, proton-density/thalamus.

Results

Quantitative Analysis
The statistical analysis (Table 2) showed essen-

tially no significant association between quantita-
tive MR measurements and 12-month neuromotor
outcome. The following measurements were sig-
nificantly different between the normal and abnor-

mal 12-month MDI assessments: frontal white mat-
ter, T1-weighted images (P 5 .005); thalamus,
first-echo T2-weighted images (P 5 .02); and thal-
amus, second-echo T2-weighted images (P 5 .02).
Only the T1 anterior watershed measurement re-
mained significant (P 5 .0005) in the multivariate
linear model, most likely reflecting strong collin-
earity among the variables (eg, the correlation be-
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TABLE 3: Qualitative Analysis
A: Results from stepwise logistic regression using qualitative MR variables

Variable

Outcome: 12-Month Neurologic Examination

Parameter Estimate Standard Error Wald x2 PR . x2 Standardized Estimate Odds Ratio

BG/T21
BG/W/T1
BG/W/T21

2.7838
21.2879
20.8974

0.9941
0.7008
0.5717

7.8424
3.3775
2.4643

.0051

.0661

.1165

2.180379
20.887881
20.623655

16.181
0.276
0.408

Note.—BG/T21 indicates basal ganglia/first-echo T2-weighted; BG/W/T1, combined basal ganglia/watershed/T1-weighted; BG/W/T21, combined
basal ganglia/watershed/first-echo T2-weighted.

B: Results from stepwise linear regression using qualitative MR variables

Variable

Outcome: 12-Month Neuromotor Examination

Parameter Estimate Standard Error Type II Sum of Squares F Prob . F

Age/MR
BG/T1
BG/T21
BG/T22
BG/W/T21

20.09776368
20.34143454

1.21071679
0.51826941

20.43059892

0.06171021
0.16213130
0.24679529
0.26526403
0.21010412

3.68146230
6.50519754

35.30130229
5.59930025
6.16106903

2.51
4.43

24.07
3.82
4.20

.1201

.0408

.0001

.0570

.0463

Note.—BG/T1 indicates basal ganglia/T1-weighted; BG/T21, basal ganglia/first echo T2-weighted; BG/T22, basal ganglia/second echo T2-weight-
ed; BG/W/T21, combined basal ganglia/watershed/first-echo T2-weighted. Note that very similar results are obtained using proportional odds
regression which more strictly reflects the seven ordered categories comprising the 12-month neuromotor examination outcome.

C: Results from stepwise linear regression using qualitative MR variables

Variable

Outcome: 12-Month Mental Developmental Index

Parameter Estimate Standard Error Type II Sum of Squares F Prob . F

BG/T21
W/T1
W/T22

28.37432668
24.82933534

4.53006167

2.07049890
2.07414235
1.46508017

3603.38406387
1194.14859193
2105.94106688

16.36
5.42
9.56

.0002

.0247

.0035

Note.—BG/T21 indicates basal ganglia/first-echo T2-weighted; W/T1, watershed/T1-weighted; W/T22, watershed/second-echo T2-weighted.

tween regression coefficients for T2 thalamus mea-
surements and proton-density basal ganglia was
20.8). There was no significant difference between
the sequences in the quantitative assessment.

Qualitative Analysis
In contrast to the quantitative measurements,

there was a very strong association between qual-
itative assessment and developmental and motor
outcome (Table 3). Associations between the MR
score and 12-month neuromotor outcome showed
the following scores to be significantly different be-
tween normal and abnormal outcome groups: basal
ganglia, T1-weighted images (P 5 .005); basal
ganglia, first-echo T2-weighted images (P ,
0.0001); basal ganglia, second-echo T2-weighted
images (P , .0001); basal ganglia/watershed, T1-
weighted images (P 5 .002); basal ganglia/water-
shed, first-echo T2-weighted images (P 5 .01); and
basal ganglia/watershed, second-echo T2-weighted
images (P 5 .01). The following MR scores
showed significant associations with MDI: basal
ganglia, first-echo T2-weighted images (P 5 .002);
basal ganglia, second-echo T2-weighted images (P

5 .005); watershed, T1-weighted images (P 5
.02); and basal ganglia/watershed, T1-weighted im-
ages (P 5 .002).

Discussion
The results of our study indicate that quantitative

intensity measurements of T1- and T2-weighted
MR images obtained during the first 10 days of life
in neonates meeting the criteria for our study es-
sentially showed a correlation only of the frontal
watershed region with 12-month cognitive devel-
opment. In contrast, good correlations were found
between qualitative assessment and those same out-
comes. This result is somewhat unexpected, as our
pretest hypothesis was that the quantitative assess-
ment should be more sensitive to small changes in
signal intensity that may not be detectable to the
eye of the observer.

A number of possible explanations can be sug-
gested for the better correlation of the qualitative
than the quantitative assessment. The most obvious
stems from the fact that the imaging characteristics
of the injured neonatal brain are complex. The re-
gions that are injured vary with the type of injury
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(mild-to-moderate hypotension versus profound
hypotension), severity of injury, and postconcep-
tional age of the infant at the time of injury (12,
15, 16). Depending on these factors, the injury
might involve the entire cerebral cortex, intervas-
cular boundary zones, perirolandic region, basal
ganglia, or brain stem. We attempted to take these
variations into account by measuring all these re-
gions. However, intervascular boundary zones vary
with vascular anatomy, and it is well known that
vascular anatomy varies considerably among pa-
tients. Therefore, it is entirely possible that our
voxel locations may have partially or completely
missed the regions in which the injuries occurred.
This may have been remedied by using larger vox-
els. However, large voxels can give false-negative
results when the area of injury is small; therefore,
the change in image intensity can be obscured by
averaging with a large percentage of normal tissue
within the ROI. Perhaps the qualitative grading sys-
tem is more accurate, because it allows the inter-
preter to view a more general area in search of
signal abnormalities.

Another potential source of error in the analysis
of the quantitative study stems from the fact that
the signal intensity of the injured tissue varies with
the amount of time that has elapsed between injury
and imaging examination (10, 12, 15). Initially, the
injured region of the brain shows T1 and T2 pro-
longation. Then, at 2 to 3 days, T1 shortening de-
velops. T2 shortening may develop by day 6 (10).
Thus, we were faced with the problem that the in-
jured tissue may appear normal, hypointense, or
hyperintense depending on when the imaging study
was performed. We tried to compensate for this
temporal variation in our analysis by grouping pa-
tients of similar age and by looking at absolute de-
viations of intensity measurements from the norm
(ignoring whether the abnormality showed hyper-
or hypointense signal), but this did not improve the
statistical results. We suspect that the results of the
quantitative analysis could be improved if all the
neonates had been scanned at the same hour or day
after the injury. A number of factors prevented us
from achieving such uniform timing in the MR
studies. The most obvious of these was that the
precise time of the injury was not always known
and could not be controlled. Other factors are pos-
sible, but often difficult, to control. For example,
because this was a research study, it was necessary
to obtain parental consent before scheduling the
MR examination; members of the study team were
not always available (on weekends, for example) to
explain the study to the parents, often resulting in
a delay of several days before consent was ob-
tained. Once consent was obtained, it was some-
times difficult to get an appointment for our busy
inpatient MR scanner. Patients who were very ill
and in need of an imaging study for clinical man-
agement decisions are usually imaged within 24
hours of the time of request. However, some of our
neonates were not particularly sick and had much

lower priority for getting on the schedule; indeed,
some of our infants recovered quickly from their
difficulties during the birth process, were dis-
charged, and returned to have their MR studies as
outpatients. In addition, there was an impression
early in the course of our study that imaging was
less helpful if performed before the age of 3 days,
so the imaging of some neonates was intentionally
delayed. The variation in the timing of the scans
was less a problem in interpreting the qualitative
studies, as the regions were judged only as normal
or abnormal, so hypo- versus hyperintense signal
was not a significant issue.

Another potential problem stemmed from the use
of signal intensity as a variable. It is well known
that signal intensity measurements on spin-echo
MR studies are dependent on many factors, includ-
ing proton density, T1 and T2 relaxation times, and
scaling (17). No universally agreed upon standards
have been established for measuring and reporting
these intensity values. As our study intentionally
replicates the sequences used in normal clinical
studies, we had only single-echo T1-weighted and
dual-echo T2-weighted images; thus, it was not
possible to calculate accurate T1 and T2 relaxation
times from our data. To compensate for the scaling
by the MR scanner, we converted our intensity
measurements (obtained by sampling our ROIs on
a GE Advantage Windows workstation) into inten-
sity ratios using the intensity of the vitreous of the
ocular globe as the denominator. By using the vit-
reous (which should not change in intensity as a
result of asphyxia) as the denominator, the effects
of windowing and scaling should be negated. Thus,
we do not believe that our use of intensity mea-
surements was responsible for the lack of correla-
tion between quantitative measurements and
outcome.

The question arises as to whether the use of new-
er MR techniques that can be more precisely quan-
tified, such as diffusion imaging and spectroscopy,
might eliminate some of the difficulties that we en-
countered in this study. Although the numerical
data obtained by MR diffusion imaging and spec-
troscopy might allow easier physical interpretation,
many of the complexities encountered in this study
would remain. Both diffusion values and metabo-
lite ratios change with time after a hypoxic-ische-
mic incident. Diffusion values are initially reduced
relative to normal values, but increase and reach
normal levels at 5 to 10 days before increasing fur-
ther as a result of breakdown of the cells (18, 19).
In addition, it has become apparent that diffusion
images may be transiently normal during the first
day of life, presumably after normalization of ini-
tial mitochondrial dysfunction, but before second-
ary energy failure has ensued (20, 21). Metabolic
ratios as measured by MR spectroscopy, too, can
vary in the first few days after neonatal injury (4,
22–24). Thus, it seems that even with more so-
phisticated techniques, difficulties are likely to
arise as a result of problems with consistent timing
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of the studies. More sophisticated statistical meth-
ods (eg, tree-structured techniques, neural nets,
multiple additive regression splines) might elicit
more predictive functional forms or combinations
of the MR ratio variables.

Nonetheless, after having rationalized why we
obtained fewer correlations by the quantitative
measurements, the one correlation that was signif-
icant on multivariate analysis, the correlation of
quantitative frontal watershed injury with 12-
month MDI, is deserving of some discussion. The
fact that the quantitative analysis showed correla-
tion with MDI but not with neuromotor outcome
correlates well with what we know about the pre-
frontal regions: that they are important in cognition
but not in motor activities. Indeed, the prefrontal
regions are the most recently developed areas of
the brain from a phylogenetic and ontogenetic per-
spective (25). This observation suggests that the
quantitative analysis may be less sensitive to the
detection of motor injury but equally sensitive to
injury in some regions that relate to nonmotor neu-
rologic outcome. This is potentially a very impor-
tant finding, suggesting that accurate assessment of
the prefrontal regions might be able to predict ab-
normalities in higher cortical functioning. Corre-
lation with 30-month follow-up examinations,
which are now in progress, may help to further elu-
cidate this potentially important observation.

Conclusion
Our study suggests that qualitative visual assess-

ment of standard spin-echo MR studies of neonates
at risk for hypoxic-ischemic encephalopathy is
more predictive of outcome than quantitative as-
sessment of standardized locations at risk for in-
volvement. It remains to be seen whether the use
of new, more easily quantifiable techniques, such
as diffusion imaging and spectroscopy, will provide
more accurate quantitative assessments of neonatal
asphyxic brain injury. Our results also suggest that
anterior watershed injury may be predictive of ab-
normal cognitive outcome; examination of these
patients at age 30 months will be important to de-
termine the accuracy of this observation.
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