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ABSTRACT

BACKGROUNDANDPURPOSE: Diffusion-weighted imaging can be used to characterize brainmaturation.MR imaging of the fetus is used
in cases of suspected Chiari II malformation when further evaluation of the posterior fossa is required. We sought to investigate whether
there were any quantitative ADC abnormalities of the cerebellum in fetuses with this malformation.

MATERIALS AND METHODS: Measurements from ROIs acquired in each cerebellar hemisphere and the pons were obtained from
calculated ADC maps performed on our Avanto 1.5T imaging system. Values in groups of patients with Chiari II malformations were
compared with those from fetuses with structurally normal brains, allowing for the dependent variable of GA by using linear regression
analysis.

RESULTS: Therewere 8 fetuses with Chiari II malformations and 23 healthy fetuses, ranging from 20 to 31 GW. Therewas a significant linear
decline in the cerebellar ADC values with advancing gestation in our healthy fetus group, as expected. The ADC values of the cerebellum
of fetuses with Chiari II malformation were higher [1820 (�100)� 10�6 mm2/s] than ADC values in the healthy fetuses (1370� 70)� 10�6

mm2/s. This was statistically significant, even when allowing for the dependent variable of GA (P � .0126). There was no significant
difference between the pons ADC values in these groups (P� .645).

CONCLUSIONS: While abnormal whitematter organization or early cerebellar degeneration could potentially contribute to our findings,
themost plausible explanation pertains to abnormalities of CSF drainage in the posterior fossa, with increased extracellular water possibly
accounting for this phenomenon.

ABBREVIATIONS: FA� fractional anisotropy; GA� gestational age; GW� weeks’ gestation; HASTE� half-Fourier acquired single-shot turbo spin-echo

Diffusion-weighted imaging can be used to characterize brain

maturation in the fetus and infant. The decline in ADC val-

ues with increasing gestational age is thought to reflect the reduc-

tion in total water content, rise in lipids, and increased cell mem-

brane surface-to-volume ratio.1 There is a negative linear decline

in values in the fetal brain, with a logarithmic decline in the first

year of life and continued decline evident until 2 years of age.1,2

The ADC values and rate of decline are dependent on the location

in the brain1: the cerebellar values are lower than those of supra-

tentorial structures.3

The Chiari II malformation results from failure of closure

of the caudal neuropore and subsequent failure of distention of

the embryonic vesicles and mesenchymal stimulation neces-

sary for normal posterior fossa growth and development, as

proposed by the theory of McLone and Dias in 1989.4 This

small posterior fossa is unable to contain the developing cere-

bellum, which rapidly enlarges between 12 and 20 GW, and

there is subsequent herniation of the vermis and hemispheres

through the foramen magnum. This has since been confirmed

with in vivo sheep studies, where Chiari II malformations re-

sulted from myelotomies in the developing fetus, which were

then reversed surgically.5 In humans, intrauterine fetal repair

of the myelomeningocele has also been shown to result in re-

versal of the Chiari II malformation6 and is now considered a

treatment option.
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Given abnormal posterior fossa development in the Chiari II

malformation and observations of brighter cerebellar tissue on T2

and DWI (in fetuses of 19 –21 weeks GA) (Fig 1A, -B), we were

interested in further investigating differences in ADC values,

which may reflect altered neuronal development.

MATERIALS AND METHODS
We identified subjects by reviewing the formal reports and se-

quence records stored on our PACS system of all fetal MR imaging

studies performed at our institution from January 2008 through

March 2012. The images of fetuses in whom a Chiari II diagnosis

was recorded were retrospectively reviewed. Those fetuses who

demonstrated all 3 features of a Chiari II malformation were in-

cluded in the patient group. These features were the following: a

small posterior fossa, cerebellar tonsils herniating below the fora-

men magnum, and a myelomeningocele (Fig 2A, -B). Those who

had no significant findings recorded were also reviewed for assess-

ment of any cranial abnormalities, syndromal markers, and the

presence of any extracranial malformations. Those fetuses who

did not exhibit any of these abnormalities were included in the

healthy control group. The indication for fetal imaging in all sub-

jects was recorded. Gestational age, ven-

tricular size, and any associated abnor-

malities (in the patients with Chiari II)

were also recorded.

Ethics approval from our institu-

tional review board was obtained.

All fetal DWI had been acquired on a

1.5T imaging system (Avanto; Siemens,

Erlangen, Germany), with a single-shot

spin-echo echo-planar DWI sequence in

the axial plane with b�0, 500, and 1000

s/mm3 in 3 orthogonal directions, by us-

ing a phased array abdominal coil. Axial,

sagittal, and coronal plane HASTE; cor-

onal T1 fast low-angle shot (gradient-

echo sequence); and axial T2 gradient-

echo sequences were also performed as

part of the routine examination (param-

eters are outlined in the Table).

Averaged ADC maps were automat-

ically performed by the Siemens soft-

ware, and data were transferred to

our local Advantage Workstation (GE

Healthcare, Milwaukee, Wisconsin).

Each image was reviewed by a pediatric

neuroradiologist for the presence of mo-

tion or other artifacts, such as maternal

bowel gas. Data were not obtained in

sections affected by artifacts. Fetuses in

whom there were too many motion ar-

tifacts to accurately measure the ROI

were not included in the analysis.

Circular ROIs were drawn on the

ADC maps in the right and left cerebel-

lar hemispheres and pons, and values

were recorded (Fig 3). The ROIs ranged

from 6.9 to 17.9 mm2 and were placed

within the central part of the cerebellar hemisphere. Because the

right and left cerebellar hemisphere values were not significantly

different (Pearson correlation coefficient � 0.96), these values

were averaged for analysis and studies in which only 1 value could

be obtained were included in the analysis as a single value.

The mean ADC cerebellar and pons values of the Chiari II and

healthy groups were plotted against gestational age. We evaluated

the relationship between gestational age and ADC values and

compared ADC values in both groups, accounting for gestational

age, by using analysis of covariance. A P value of � .05 was con-

sidered significant.

RESULTS
There were 23 healthy fetuses who ranged from 21 to 31�2 GW,

with a median GA of 27 weeks. These included 7 sets of dichori-

onic diamniotic twin gestations, in 3 of which there had been

death of the cotwin and in 4 of which the cotwin had ventriculo-

megaly or vermian hypoplasia. The other healthy fetuses were

imaged to evaluate questionable ventricular prominence or asym-

metric ventricles on sonography, and one, because of a fetal death

FIG 1. A, Axial HASTE image (TR� 2800, TE� 721, 4-mm section thickness) demonstrates high T2
signal in the cerebellar hemispheres at the level of the pons in a fetus with Chiari II malformation.
B, Axial HASTE image (TR � 2800, TE � 721, 4-mm section thickness) demonstrates normal
appearance of cerebellum in a fetus of the same gestational age (22 weeks).

FIG 2. A, Sagittal HASTE image (TR � 2800, TE � 721, 4-mm section thickness) demonstrates a
small posterior fossa and herniation of cerebellar tonsils through the foramen magnum in a fetus
of 22 weeks’ gestation. B, Axial HASTE image (TR � 2800, TE � 721, 4-mm section thickness)
demonstrates a myelomeningocele in a fetus of 22 weeks’ gestation.

AJNR Am J Neuroradiol 34:1656–60 Aug 2013 www.ajnr.org 1657



in a previous pregnancy. There were 8 fetuses with Chiari II mal-

formations who ranged in GA from 20 to 29 weeks (median, 22

weeks), all of whom had myelomeningoceles. We found a signif-

icant linear decline in cerebellar ADC values with advancing ges-

tation in healthy fetuses (P � .0126) (Fig 4). There was no rela-

tionship between gestational age and cerebellar ADC values in the

Chiari II group (P � .24).

The cerebellar ADC values in fetuses with Chiari II malforma-

tions were, on average, 35% higher [1820 (�100) � 10�6mm2/s]

than ADC values in the healthy fetuses (1370 � 70 � 10�6 mm2/

s). This was statistically significant, even allowing for the variation

in gestational age (P � .0126), as evident when plotting the aver-

age ADC values of both groups against gestation (Fig 4). The

mean ADC value of the pons was higher in the Chiari II group

versus the healthy group by 1660 � 10�6 mm2/s, at any given

gestation. However, this did not reach statistical significance (P �

.645) (Fig 5).

DISCUSSION
We have found significant differences in cerebellar ADC values in

fetuses with Chiari II malformations compared with the healthy fe-

tuses, even taking into account the normal reduction in ADC values

that occurs with advancing gestation. Indeed, the trend of cerebellar

ADC values in fetuses with Chiari II malformations does not con-

form to a negative linear relationship, as it does in healthy fetuses.

Chiari II malformations are known to result from abnormal

CSF pressures as a result of the open caudal neuropore, evident as

the omnipresent myelomeningocele. The lack of normal neural

vesicle distention during embryonic development results in inad-

equate and disorganized neural development and secondary ef-

fects on the growth of the surrounding

mesenchyme.4 The resultant small poste-

rior fossa is unable to house the rapidly

expanding hindbrain during midgesta-

tion, with subsequent herniation of the

cerebellar tonsils, both superiorly

through the tentorial incisura and inferi-

orly into the foramen magnum. The

crowding of neural structures results in

decreased CSF outflow and eventual hy-

drocephalus,7 which further exacerbates

the downward pressure on the herniating

cerebellar tonsils.

With a series of DWI images with dif-

fering b-values, ADC maps can be calcu-

lated that depict the average rate of iso-

tropic motion in each pixel, with higher

values and correspondingly brighter signal reflecting stronger dif-

fusion. Distribution of water in intra- and extracellular compart-

ments, fiber and neuroglial cell attenuation, and transmembrane

cellular proton movement are some of the factors that contribute

to these ADC values.

There is a paucity of published data in regard to both ADC prop-

erties and fractional anisotropy of cerebellar structures in the Chiari

II malformation. Reduced fractional anisotropy was shown in the

middle cerebellar peduncles in a small cohort of young adults with

Chiari II malformation, though no differences were demonstrated in

the transverse pontine fibers or superior or inferior peduncles.8 The

authors proposed that given that the middle cerebellar peduncles

convey prefrontal and precentral cortical motor fibers, the findings

were likely due to altered cerebellar development rather than pres-

sure effects because transverse pontine FA was not altered. This was

described in the context of global abnormal neuronal development,

including callosal dysgenesis, which has been described in the Chiari

II malformation,4 and was present in all their cases. Reduced FA and

higher diffusivity have also been found in the major associative path-

ways of the supratentorial white matter tract in patients with Chiari II

and are thought to reflect altered development and/or effects of

chronic hydrocephalus on myelination, cell membrane integrity, and

stretching of fibers.9,10

Therefore, our findings may indeed reflect altered neuronal

cell or fiber packing or organization in the context of abnormal

cerebellar development. Our findings are also consistent in that

the ADC values of the pons were not significantly different from

those in healthy controls. The transverse pontine fibers contribute

to these ADC values, among others, which include cerebral corti-

cal and ascending afferent fibers, which synapse with the pontine

FIG 3. A, Sagittal ADCmap (TR, 2800; TE, 721; 4-mmsection thickness); B, Axial ADCmap, (TR, 2800;
TE, 721; 4-mm section thickness) demonstrates a region of interest placed over each cerebellar
hemisphere and pons in a fetus with a Chiari II malformation.

Acquisition parameters for fetal MRI

Sequence Plane FOV (mm) Matrix
Section Thickness

(mm) TR (ms) TE (ms) Signal Averages Sections
Acquisition Time
(min:sec)

DWIa Axial 300� 300 128� 75 4 2800 721 4 12 00:24
HASTE Axial 310� 310 320� 80 3.5 2043 166 0 15 00:19
HASTE Coronal 310� 310 320� 80 3.5 2043 166 0 15 00:19
HASTE Sagittal 310� 310 320� 80 3.5 2043 166 0 15 00:19
T1 FLASH Coronal 320� 256 256� 100 4 69 4.5 0 15 00:30
SWI Axial 300� 300 256� 79 4 143 20 0 15 00:45

Note:—FLASH indicates fast low-angle shot.
a Single-shot spin-echo echo-planar, b�0, 500, 1000.
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nuclei. However, because these postsynaptic transverse pontine

fibers project into the middle cerebellar peduncles and deep cer-

ebellar white matter,11 one might also expect the pontine ADC

values to also be altered in the context of abnormal cerebellar tract

development. We did not find this to be the case.

Alternatively, our findings may directly or indirectly reflect

altered CSF flow dynamics or chronic effects of increased CSF

pressure on cell membrane integrity. Increases in ADC values

have been found in periventricular white matter of hydrocephalic

rats12 and humans,13,14 thought to be secondary to edema.15

Therefore similar hydrostatic mechanisms, with obstruction of

CSF outflow at the level of the foramen magnum in these fetuses,

may result in increased extracellular water and hence elevated

ADC values.

Early postmortem studies in infants and children have

demonstrated reduced weight of the cerebellum in Chiari II

malformation compared with controls.16 These studies also

demonstrated necrosis predominantly within the pyramid,

uvula, and nodule,17 with a reduced

number of granule cells also seen in

the remnant tissue within these re-

gions but also within the declive.18

This necrosis was largely attributed to

the direct pressure effects of the small

posterior fossa. More recent volumet-

ric studies have confirmed an overall

reduction in cerebellar volume,19 with

the anterior lobe absolutely and rela-

tively enlarged compared with abso-

lute and relative reductions in the pos-

terior lobe and corpus medullare

volumes. Therefore, additional factors

of altered membrane integrity and

neuronal tissue composition (de-

creased cell membrane-to-extracellu-

lar fluid ratios), resulting from pres-

sure effects, may also contribute to our

findings.

The limitations of our study include

the relatively small number of subjects, its

retrospective nature, and unmatched con-

trols. Data acquisition was difficult given

the relatively small areas of cerebellum in

the fetuses with Chiari II, though attempts

were made to acquire data at the same lev-

els through the pontine bellies and middle

cerebellar peduncles.

CONCLUSIONS
We found increased diffusivity in the

cerebellum of fetuses with Chiari II mal-

formations. This may reflect altered CSF

hydrodynamics in the posterior fossa or

the indirect effects of such dynamics on

membrane and fiber composition. Fol-

low-up assessment and investigation as

to whether these findings can be used to

predict postnatal prognosis may be

worthwhile, particularly if such information can help in patient

selection for fetal therapy.
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