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ABSTRACT

BACKGROUND AND PURPOSE: Infantile neuronal ceroid lipofuscinosis is a devastating neurodegenerative storage disease caused by
palmitoyl-protein thioesterase 1 deficiency, which impairs degradation of palmitoylated proteins (constituents of ceroid) by lysosomal
hydrolases. Consequent lysosomal ceroid accumulation leads to neuronal injury, resulting in rapid neurodegeneration and childhood
death. As part of a project studying the treatment benefits of a combination of cysteamine bitartrate and N-acetyl cysteine, we made
serial measurements of patients’ brain volumes with MR imaging.

MATERIALS AND METHODS: Ten patients with infantile neuronal ceroid lipofuscinosis participating in a treatment/follow-up study
underwent brain MR imaging that included high-resolution T1-weighted images. After manual placement of a mask delineating the surface
of the brain, a maximum-likelihood classifier was applied to determine total brain volume, further subdivided as cerebrum, cerebellum,
brain stem, and thalamus. Patients’ brain volumes were compared with those of a healthy population.

RESULTS: Major subdivisions of the brain followed similar trajectories with different timing. The cerebrum demonstrated early, rapid
volume loss and may never have been normal postnatally. The thalamus dropped out of the normal range around 6 months of age; the
cerebellum, around 2 years of age; and the brain stem, around 3 years of age.

CONCLUSIONS: Rapid cerebral volume loss was expected on the basis of previous qualitative reports. Because our study did not include
a nontreatment arm and because progression of brain volumes in infantile neuronal ceroid lipofuscinosis has not been previously
quantified, we could not determine whether our intervention had a beneficial effect on brain volumes. However, the level of quantitative
detail in this study allows it to serve as a reference for evaluation of future therapeutic interventions.

ABBREVIATIONS: CLN � ceroid-lipofuscinosis, neuronal; EEG � electroencephalogram; ERG � electroretinogram; INCL � infantile neuronal ceroid lipofuscinosis

Neurodegeneration is a devastating manifestation in most of

the �50 known lysosomal storage disorders. Among the

neurodegenerative lysosomal storage disorders, neuronal ceroid

lipofuscinoses,1-3 also known as Batten disease,4,5 are the most

common. Mutations in at least 13 different genes (ceroid-lipofus-

cinosis, neuronal [CLN]) cause various types of neuronal ceroid

lipofuscinoses.6 Among these genes, CLN1, CLN2, CLN10, and

CLN13 encode lysosomal enzymes; CLN4 and CLN14 encode pe-

ripherally associated cytoplasmic proteins; CLN5 encodes a solu-

ble lysosomal protein; CLN11 encodes a protein in the secretory

pathway; and several transmembrane proteins with varying sub-

cellular localizations are encoded by CLN3, CLN6, CLN7, CLN8,

and CLN12.7 The infantile type, infantile neuronal ceroid lipofus-

cinosis (INCL),8 has an early age of onset and rapid progression to

death. INCL is caused by mutations in the CLN1 gene,9 which

encodes palmitoyl-protein thioesterase 1. Patients with INCL ap-

pear healthy at birth, but by 11–18 months of age, they exhibit

developmental delay, followed by loss of developmental mile-

stones. Many develop seizures. By 2 years of age, they are blind

due to retinal degeneration, and they reach a persistent vegetative
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state at around 4 years of age, manifested by an isoelectric electro-

encephalogram (EEG) (including visual-evoked potentials).10

This grim trajectory highlights the desirability of developing an

effective therapy for this disease.

The pathologic findings include intralysosomal accumulation

of autofluorescent material (ceroid), rapidly progressing brain

atrophy resulting predominantly from loss of neurons in the ce-

rebral cortex, and neuroinflammatory findings11 in the early

stages. The accumulation of ceroid results in the formation of

granular osmiophilic deposits,12,13 which can be visualized in the

brain and other tissues by using electron microscopy.

Previous in vitro studies demonstrated that phosphocysteam-

ine had a beneficial effect on INCL-derived cell cultures, resulting

in depletion of ceroid deposits and suppression of apoptosis.14

The antioxidant N-acetyl cysteine has been reported to be bene-

ficial in other neurogenerative diseases.15 These 2 observations led

us to conceive a study of a combination therapy with these 2

drugs. Because INCL is a rare disease (1 in �100,000 births) with

a short life expectancy, recruitment of a large study group is im-

practical; this issue led to a “compassionate use” type of experi-

mental design in which all patients received treatment, without a

control group. The intention was to compare with the natural

history and future treatment interventions by using behavioral

and developmental assessments and quantifiable measures such

as electroencephalography, electroretinography, MR imaging–

derived brain volume measurements, MR spectroscopy, and

quantification of intralysosomal ceroid deposits. An overview of

the study results has been published recently16; the current report

details the MR imaging– derived brain volume measurements.

MATERIALS AND METHODS
Study Participants
Recruitment and inclusion criteria for this study have been

described in detail elsewhere (ClinicalTrials.gov number

NCT00028262).16 Ten patients were recruited for the study, 9 of

whom had treatment initiated after the baseline study and re-

turned for follow-up; the other patient dropped out of the study

after the baseline evaluation and did not undergo treatment. The

CLN1 gene mutations represented in our patient sample were

C451T, T29A, A364T, A169i, and 798�2T�C. The patients were

all younger than 3 years of age on entry to the study.

Treatment
Following initial evaluation, the 9 patients who continued in the

study began oral treatment with cysteamine bitartrate (Cystagon)

at 10 mg/kg per day, escalated weekly to a target of 60 mg/kg per

day. After achieving this target dose, oral treatment with N-acetyl

cysteine (Mucomyst) was added at 10 mg/kg per day and escalated

weekly to a target of 60 mg/kg per day. Treatment was discontin-

ued after demonstration of an isoelectric electroencephalogram

or when the patient was too sick to travel for follow-up appoint-

ments; this was an interval of 8 –75 months after initiation of

treatment, at which time follow-up also stopped.

MR Imaging

Patients. Eight patients were studied by using a 1.5T Signa scan-

ner (GE Healthcare, Milwaukee, Wisconsin) with a quadrature

transmit-receive head coil. Two patients were studied by using a

3T Achieva scanner (Philips Healthcare, Best, the Netherlands)

with an 8-channel SENSE head coil. A standard noncontrast clin-

ical MR imaging examination was performed in all patients; this

included either axial or sagittal 3D-SPGR images or axial 3D-

MPRAGE images. Axial or sagittal 3D-SPGR images were ac-

quired with the following parameters: FOV � 200 � 200 mm or

240 � 240 mm, acquisition matrix � 256 � 256, reconstruction

matrix � 256 � 256, section thickness � 1–2 mm, NEX � 1, TE �

2.2–5.5 ms, TR � 9.5–12.8 ms. Axial 3D-MPRAGE images were

acquired with the following parameters: FOV � 220 � 220 mm,

acquisition matrix � 256 � 131, reconstruction matrix � 256 �

256, section thickness � 1 mm, NEX � 2, TE � 6.6 ms, TR � 11.5

ms, echo-train length � 131.

Sedation
Because all patients were young children, most examinations were

performed with the patient under sedation with propofol.17 Some

late-stage patients did not require sedation for the MR imaging

examinations.

Brain Volume Measurement
Brain volumes were calculated by using the 3D-SPGR or 3D-

MPRAGE images. Medical Image Processing, Analysis, and Visual-

ization software18 (MIPAV; http://mipav.cit.nih.gov/) was used to

manually generate a mask that stripped the skull, meninges, and

other tissues away from the brain; a shading correction was applied to

compensate for radiofrequency transmission nonuniformity; and fi-

nally, a single-channel 3-tissue maximum likelihood classifier was

applied to the area within the mask to estimate the volume of the

brain parenchyma. The mask was manually subdivided into cere-

brum, cerebellum, and brain stem to separately measure these vol-

umes. For healthy controls, we used images from 23 healthy volun-

teers (12 girls, 11 boys; 1.1–9.6 years of age) participating in other

research studies at our institution who had been scanned using im-

aging parameters similar to ours; control brain volumes were mea-

sured in the same manner as the brains of patients with INCL.

Measurement of the thalamus volumes was challenging due to

the abnormal intrinsic tissue contrast that obscures the boundar-

ies between the deep nuclei and adjacent structures (Fig 1); this

FIG 1. MR imaging findings in end-stage INCL. T1-weighted (A) and
T2-weighted (B) images in the plane defined by the anterior and pos-
terior commissures. These images demonstrate findings that include
extreme atrophy, near-complete lack of gray matter, extensive ab-
normal signal in the white matter, loss of internal landmarks separat-
ing the basal ganglia, and subdural effusions.
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issue becomes worse as the disease advances. Therefore, we de-

vised a scheme based on using surface landmarks to draw 3 per-

pendicular diameters of an ellipsoid to approximate the volume of

the thalamus (On-line Fig 1). The same measurements were per-

formed on our images of healthy volunteers.

Statistical Tests
We applied the Student t test to our total and segmental brain

volumes to check for sexual dimorphism in our patients and

healthy volunteers. The SD of the healthy volunteers (difference

from the fitted curve) was also calculated.

Curve Fitting
For both patients and healthy volunteers, linear, quadratic,

power, and logarithmic curves were fitted to the volume measure-

ments as a function of age. For each measurement, the curve with

the highest r value (Pearson correlation coefficient) is shown in

the relevant figure.

RESULTS
Demographics
Forty-five scans were obtained in 10 patients; 43 of these scans

could be used for volume calculations, while the other 2 had mo-

tion artifacts severe enough to exclude them from the analysis. Of

the 43 useable scans, 25 were obtained in girls, and 18, in boys; the

number of volume calculations performed for each patient

ranged from 1 to 8. The overall age range of the patients at the time

of the examination was 0.88 – 8.40 years. Applying the Student t

test to the total brain volume and to the segmental brain volumes

did not reveal sexual dimorphism in our sample; therefore, fur-

ther analysis combined the results for boys and girls. Plotting

segmental volumes for each mutation separately revealed over-

lapping curves with similar slopes (On-line Fig 2), confirming

previous observations that these genotypes produce a uniform

phenotype19; therefore, further analysis combined the results of

all genotypes.

Thalamus Volume
The evolution of thalamus volumes is shown in Fig 2. The plot

shows that the measurements on even the youngest patients were

out of the normal range; the curve extrapolates into the normal

range, suggesting that thalamus volume could have been normal

(or near-normal) for a few months after birth. The initial decline

in thalamus volume was gradual, and the rate of decline decreased

with age. The pattern was best described by an exponential

equation.

Brain Stem Volume
The evolution of brain stem volumes is shown in Fig 3. The plot

shows that the measurements on the youngest patients fell within

the normal range; therefore, we presume that the evolution before

our measurements was normal. The initial decline in the brain

stem volume was gradual, but the rate of decline increased with

age. The pattern was best described by a quadratic equation. The

patients’ average fell out of the normal range (below the 2.5th

percentile) by 3 years of age.

FIG 2. Thalamus volume measurements in patients with INCL. Due to
lack of visible boundaries of the thalamus (secondary to disease-re-
lated alterations in intrinsic contrast), an ellipsoidal approximation to
the volume was made on the basis of brain surface landmarks. Thala-
mus volumes were out of the normal range by the time of our earliest
measurements and further decreased with time. The equation for the
best curve fit is shown. We did not detect a difference between INCL
in boys and girls (P � .98). The normal curve reflects thalamus volumes
measured on 23 healthy volunteers 1.1–9.6 years of age participating in
other studies at our institution; for the healthy volunteers, we did not
find a statistical difference between boys and girls (P � .89) or be-
tween right and left (P � .86) (dark line � mean, light lines � �2 SDs).
For comparison, the onset ages of major clinical findings (mean and
95% CI) observed in our patients are plotted below the volume curve.
A indicates developmental regression; B, cerebral atrophy noted in
clinical MR imaging report; C, myoclonic jerks and seizures; D, loss of
vision; E, deceleration of head growth; F, isoelectric visual-evoked
potentials; and G, isoelectric EEG or electroretinogram.

FIG 3. Brain stem volume measurements in patients with INCL. Brain
stem volumes decreased with time, dropping below the 2.5th percen-
tile before 3 years of age. The equation for the best curve fit is shown.
We did not detect a difference between INCL in boys and girls (P �
.88). We defined the brain stem as including the cerebral peduncles,
midbrain, pons, and medulla. The normal curve reflects brain stem
volumes measured on 23 healthy volunteers 1.1–9.6 years of age par-
ticipating in other studies at our institution; for the healthy volun-
teers, we did not find a statistical difference between boys and girls
(P � .94) (dark line � mean, light lines � �2 SDs). For comparison, the
onset ages of major symptoms (mean and 95% CI) observed in our
patients are plotted below the volume curve. A indicates develop-
mental regression; B, cerebral atrophy noted in clinical MR imaging
report; C, myoclonic jerks and seizures; D, loss of vision; E, decelera-
tion of head growth; F, isoelectric visual-evoked potentials; and G,
isoelectric EEG or electroretinogram.
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Cerebellum Volume
The evolution of the cerebellum volumes is shown in Fig 4. Our

measurements of the youngest patients were in the normal range;

therefore, we presume that the evolution before our measure-

ments was normal. The decline in cerebellum volume was initially

rapid (the patients’ average dropped out of the normal range just

after age 2 years) and slowed later. The pattern was best described

by a logarithmic equation.

Cerebrum Volume
The evolution of the cerebrum volumes is shown in Fig 5. Only the

baseline measurement of our youngest patient (at 10 months of

age) was above the 2.5th percentile; all other measurements of

cerebral volume were far below normal, and extrapolation of the

curve to intersect the normal curve suggests that if the cerebral

volumes were ever normal in the patients with INCL, it would

have been only in the first few months after birth. The initial

decline in cerebral volume was rapid, slowing later (possibly be-

coming asymptotic). The pattern was best described by a logarith-

mic equation.

Total Brain Volume
Because the total brain volume is thoroughly dominated by the

cerebral volume, the pattern for the total brain volume closely

followed that of the cerebral volume, with a rapid initial decline

and slower decline later. However, because the decline of the cer-

ebellum started later and did not proceed as rapidly, we did not

observe asymptotic behavior in the total brain volume within the

timeframe of the study. The pattern was best described by a loga-

rithmic equation. The evolution of the total brain volume is

shown in Fig 6.

Ratio of Segmental Volumes to Cerebrum Volume
In the healthy children, the cerebellum/cerebrum ratio and thal-

amus/cerebrum ratio changed very gradually with age, following a

pattern best described by a quadratic equation; for the cerebel-

lum, the peak ratio was at 5.8 years of age, and for the thalamus,

the peak ratio was at 7.0 years of age. The normal brain stem/

cerebrum ratio rose gradually throughout the age range we

measured.

In the patients with INCL, the cerebellum/cerebrum ratio was

more than twice the normal mean in nearly all of our baseline

measurements. The ratio in the patients with INCL rose until

about 5 years of age (the maximum of the fitted curve occurred at

4.97 years) and then fell off somewhat. This rising and falling

pattern reflects the earlier involvement of the cerebrum relative to

the cerebellum. The pattern was best described by a quadratic

equation. Extrapolation of the fitted curve to earlier ages does not

intersect with the normal curve; this finding suggests that the ratio

may never have been normal in these patients. Because the initial

measurements of cerebellum volumes were within the normal

range, this suggests that the cerebral volume may never be really

normal in these patients, not even in neonates or fetuses. The

evolution of the ratio of cerebellum volume to cerebral volume is

shown in Fig 7A.

The evolution of thalamus/cerebrum and brain stem/cere-

brum volume ratios followed a pattern similar to that of the evo-

lution of the cerebellum/cerebrum ratio, all best described by a

FIG 4. Cerebellum volume measurements in patients with INCL. Cer-
ebellar volumes were initially near normal but decreased with time
and dropped below the 2.5th percentile by about 2.5 years of age. The
equation for the best curve fit is shown. We did not detect a differ-
ence between INCL in boys and girls (P � .94). We included the cer-
ebellar peduncles in our measurement of cerebellar volume. The nor-
mal curve reflects cerebellum volumes measured on 23 healthy
volunteers 1.1–9.6 years of age participating in other studies at our
institution; for the healthy volunteers, we did not find a statistical
difference between boys and girls (P � .91) (dark line � mean, light
lines � �2 SDs). For comparison, the onset ages of major symptoms
(mean and 95% CI) observed in our patients are plotted below the
volume curve. A indicates developmental regression; B, cerebral at-
rophy noted in clinical MR imaging report; C, myoclonic jerks and
seizures; D, loss of vision; E, deceleration of head growth; F, isoelectric
visual-evoked potentials; and G, isoelectric EEG or electroretinogram.

FIG 5. Cerebrum volume measurements in patients with INCL. Even
our earliest measurements of cerebral volumes were lower than nor-
mal, and volumes decreased dramatically with time. The equation for
the best curve fit is shown. We did not detect a difference between
INCL in boys and girls (P � .94). We defined the cerebrum as including
the deep nuclei but not the cerebral peduncles. The normal curve
reflects cerebrum volumes measured on 23 healthy volunteers 1.1–9.6
years of age participating in other studies at our institution; for the
healthy volunteers, we did not find a statistical difference between
boys and girls (P � .78) (dark line � mean, light lines � �2 SDs). For
comparison, the onset ages of major symptoms (mean and 95% CI)
observed in our patients are plotted below the volume curve. A indi-
cates developmental regression; B, cerebral atrophy noted in clinical
MR imaging report; C, myoclonic jerks and seizures; D, loss of vision; E,
deceleration of head growth; F, isoelectric visual-evoked potentials;
and G, isoelectric EEG or electroretinogram.
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quadratic equation. The thalamus/cerebrum volume ratio (Fig

7B) peaked at 4.96 years of age, and the brain stem/cerebrum

volume ratio (Fig 7C) peaked at 5.89 years of age. The thalamus/

cerebrum ratio started in the upper part of the normal range, rose

out of the normal range (to about 50% more than the normal

mean), and later returned to the upper part of the normal range.

The brain stem/cerebrum ratio started at the upper extreme of the

normal range and peaked at 3 times the normal mean. The later

and higher peak of the brain stem/cerebrum ratio relative to the

cerebellum/cerebrum ratio and thalamus/cerebrum ratio sug-

gests later and less severe involvement of the brain stem relative to

the cerebrum, thalamus, and cerebellum.

DISCUSSION
In this analysis, we have made detailed, quantitative serial mea-

surements of brain volumes in a group of patients with INCL

followed for up to 7 years. We have demonstrated that among the

regions that we measured separately, atrophy begins earliest and

proceeds fastest in the cerebrum, with the thalamus lagging

slightly behind; there is later involvement of the cerebellum and

then the brain stem. Although our patients had a variety of differ-

ent gene mutations, the pattern and rate of atrophy that we ob-

served did not appear to vary by genotype, in agreement with

previous reports that these particular gene mutations are clini-

cally indistinguishable.16,19

In the palmitoyl-protein thioesterase (Ppt1�/�) mouse model

of INCL, a previous microscopy study demonstrated that neuron

loss starts in the sensory relay nuclei of the thalamus, first involv-

ing the visual system, then the auditory and somatosensory relay

nuclei, and then the inhibitory reticular thalamic nucleus.20 Loss

of thalamic relay neurons was followed by loss of other neurons in

the interconnected chains, with cortical interneurons preceding

cortical granule neurons. Segmental atrophy of the cortex pro-

ceeded in the same order as the related thalamic nuclei; and within

each segment, the interneuron layer was involved before the gran-

ule layer. The much coarser resolution of our MR imaging mea-

surements could not resolve individual thalamic nuclei or reliably

measure the thickness of the atrophied cerebral cortex, so we were

unable to observe these processes in our patients. In contrast to

the results in Ppt1�/� mice,20 we observed that measurable cere-

bral atrophy preceded measurable thalamus atrophy. An earlier

study of the mouse model21 found that fractional volume loss in

the thalamus was greater than that in the cerebrum, also opposite

to our findings; these discrepancies are consistent with previously

reported differences between the mouse model and human dis-

ease.21 Our results are in agreement with the mouse model in

demonstrating that atrophy of the cerebrum precedes atrophy of

the cerebellum.21

Extrapolation of our cerebral volume curve to ages younger

than those included in our study suggests that if the cerebral vol-

ume was ever normal, it would have been in the normal range for,

at most, a few months after birth. Extrapolation of the cerebel-

lum-to-cerebrum volume ratio suggests that the cerebral volume

may never have been normal, not even in the fetus. A previous MR

spectroscopy study22 found low NAA in the cerebral white matter

of a patient at 4 months of age. In the separately reported MR

spectroscopy component of the current study,11 we found that

extrapolation of cerebral NAA levels beyond the age of our young-

est patient does not appear to intersect the normal curve. NAA is

produced mainly (or perhaps exclusively) by healthy neu-

rons,23,24 and a decline in the level of NAA indicates loss or injury

of neurons. Logically, loss or injury of neurons should precede

atrophy; therefore, the timing of our cerebral atrophy observa-

tions is consistent with the timing of NAA decline observed in the

previous MR spectroscopy reports.

Extrapolation of our thalamus volume curve suggests that the

thalamus volume may have been in the normal range before 6

months of age. Extrapolation of our previously published mea-

surements of NAA in the thalamus11 suggests that NAA in the

thalamus may be in the normal range for a few months after birth;

previous measurements22 on very young children with INCL have

demonstrated normal NAA in the thalamus of a 2-month-old

child and a slight deficit of NAA in the thalamus of a 4-month-

old child. Thus, the relative order of volume loss (cerebrum

before thalamus) that we report in this study is concordant

with the order of previously reported MR spectroscopy

changes in humans.

Both cerebellum and brain stem volumes measured on our

youngest patients fell into the normal range, with the curve for the

cerebellum volume dropping below the 2.5th percentile at about

2.5 years of age and the curve for the brain stem volume dropping

below the 2.5th percentile by about 3 years of age. Extrapolation of

the MR spectroscopy results that we previously reported measur-

ing NAA in the cerebellum and brain stem11 suggests that NAA

levels are probably normal at these locations for up to a year after

birth. As with NAA in the cerebrum, it would be expected that

neuron injury or loss would precede the observation of atrophy,

FIG 6. Total brain volume measurements in patients with INCL. Total
brain volumes (dominated by the cerebral volume) were initially
lower than normal and decreased dramatically with time. The equa-
tion for the best curve fit is shown. We did not detect a difference
between INCL in boys and girls (P � .96). The normal curve reflects
total brain volumes measured on 23 healthy volunteers 1.1–9.6 years of
age participating in other studies at our institution; for the healthy
volunteers, we did not find a statistical difference between boys and
girls (P � .80) (dark line � mean, light lines � �2SD). For comparison,
the onset ages of major symptoms (mean and 95% CI) observed in our
patients are plotted below the volume curve. A indicates develop-
mental regression; B, cerebral atrophy noted in clinical MR imaging
report; C, myoclonic jerks and seizures; D, loss of vision; E, decelera-
tion of head growth; F, isoelectric visual-evoked potentials; and G,
isoelectric EEG or electroretinogram.
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so the patterns we observed in the cerebellum and brain stem

volume measurements are consistent with the pattern observed in

our MR spectroscopy measurements.

We would have liked to have compared our quantitative atro-

phy measurements with previous reports on the natural history of

volume loss in INCL,16,25 to evaluate the treatment benefits of

cysteamine bitartrate and N-acetyl cysteine; in particular, we

would have liked to determine whether the treatment resulted in

any delay in atrophy onset or any slowing of the rate of atrophy.

However, because all previous studies evaluating atrophy in INCL

used qualitative scoring without correspondence to any particular

absolute or fractional volume loss, we could not determine the

effect of the treatment on brain atrophy. The sequence of brain

involvement we observed agreed with that in the previous quali-

tative reports.

The measurements we present here are quantitative and

should be reproducible. Although we were not able to compare

our results directly with the previous qualitative studies of brain

atrophy in INCL, the detailed quantitative measurements we have

made of the temporal progression of atrophy in INCL in the pa-

tients under treatment with cysteamine bitartrate and N-acetyl

cysteine will be useful as a reference for comparative evaluation of

future treatment trials.

CONCLUSIONS
We made quantitative measurements of brain volumes in treated

patients with INCL. The pattern of volume loss suggests that the

order of involvement was cerebrum, thalamus, cerebellum, and

brain stem, in agreement with other previously published studies

of this disease in humans. In contrast to other previously pub-

lished reports, we have made quantitative measurements of the

volume of the brain (and several major divisions). As a reproduc-

ible quantitative measure, these volumes can be used as a surro-

gate outcome measure in future treatment trials to compare pro-

posed treatments with one another and potentially detect small

FIG 7. Relative segmental volumes in patients with INCL. A, In INCL, the cerebellum is large relative to the cerebrum, reflecting the observation
that volume loss begins earlier and progresses faster in the cerebrum than elsewhere in the brain. The ratio initially rises as cerebral loss outpaces
cerebellar loss and decreases later because the cerebrum reaches asymptotic volume earlier than the cerebellum. B, In INCL, the thalamus
becomes somewhat large relative to the cerebrum for a while, reflecting the tight linkage between the volumes of these structures with a bit
of a delay in involvement of the thalamus relative to the cerebrum. C, In INCL, the brain stem is also large relative to the cerebrum, with a later
peak relative to both the thalamus/cerebrum ratio and cerebellum/cerebrum ratio, indicating that the brain stem is involved last among the
structures that we measured. In all plots, the equation describes the best curve fit to the INCL results. We did not detect a difference between
boys and girls for either patients with INCL or healthy volunteers. The normal curves reflect volume ratios measured on 23 healthy volunteers
1.1–9.6 years of age participating in other studies at our institution (dark line � mean, light lines � �2 SDs).
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differences that may not be apparent if coarser outcome measures

(such as qualitative evaluation of symptoms) are used.
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