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Abstract

BACKGROUND—Niemann-Pick disease type C1 is a neurodegenerative lysosomal storage 

disorder. Without a highly effective treatment, biomarkers of severity would be beneficial for 

prognostication and testing new interventions. Diffusion tensor imaging has shown microstructural 

abnormalities in adults with Niemann-Pick disease type C1. This is the first study to apply 

diffusion tensor imaging and volume analysis to evaluate the corpus callosum in a pediatric and 

adolescent population of patients with Niemann-Pick disease type C1. We hypothesized that the 

callosal fractional anisotropy, volume, and cross-sectional area will negatively correlate with NPC 

severity score.

METHODS—Thirty-nine individuals with Niemann-Pick disease type C1 aged 1–21.9 years 

(mean = 11.1; S.D. = 6.1), and each received one magnetic resonance imaging examination. 

Severity score were obtained by examination and clinical observation. An atlas-based automated 

approach was used to measure fractional anisotropy, cross-sectional area, and volume. For 

comparative analysis and validation of this atlas-based approach, one midsagittal image was 

chosen and the corpus callosum manually traced to obtain cross-sectional area. Statistical analyses 

were applied to study the relationships between imaging and clinical severity.
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RESULTS—For patients with Niemann-Pick disease type C1, lower corpus callosum fractional 

anisotropy, volume, and cross-sectional area significantly correlate with higher severity score. 

Severity subdomain analysis revealed ambulation, speech, seizures, and incontinence have the 

strongest relationships with callosal measures. Comparison of atlas-based processing and manual 

tracing techniques demonstrated validity for the automated method.

CONCLUSIONS—For individuals with Niemann-Pick disease type C1, the corpus callosum 

measures correlate with clinical severity. These findings reveal promise for the discovery of new 

imaging biomarkers for this disorder.
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Introduction

Niemann-Pick disease type C (NPC) is an autosomal recessive neurodegenerative lysosomal 

storage disorder caused by a mutation of either NPC1 or NPC2. Most NPC patients, about 

95%, have mutations in the NPC1 gene, and the remaining 5% have the mutations in the 

NPC2 gene.1,2 In patients with NPC1, cholesterol and glycosphingolipid metabolism is 

impaired in lysosomes.1–3 The incidence of NPC is estimated as one in 120,000 live births.1 

NPC1 may manifest impairments throughout the lifespan but typically presents in childhood 

or adolescence. Common signs include hepatosplenomegaly, ataxia, vertical gaze palsy, and 

language impairment.2 There is no highly effective treatment for NPC1; patients who have 

early onset of disease tend to progress at a more rapid rate leading to premature death.2–4 

Several biomarkers of NPC severity have already been established, including acidic 

compartment volume, cholesterol oxidation products, amyloid-β release, and the National 

Institutes of Health (NIH) severity scale.7,27–30 Each of these markers has its advantages, 

but none of them directly measures injury to the central nervous system (CNS), a key site of 

end-organ damage in this disease. Therefore, we sought to evaluate the potential of diffusion 

tensor imaging (DTI) to serve as a biomarker for CNS damage in the pediatric NPC1 

population.

There are a few published neuroimaging studies describing microstructural abnormalities in 

adult NPC patients through the use of DTI.5,6 Corpus callosum (CC) measurements have 

been demonstrated to be significantly reduced in adult NPC, suggesting the CC as a marker 

of disease severity.5,6 This study focuses on disease severity in the CC as measured by DTI 

and volume measurements in a large pediatric patient group. The aims of this study were to 

examine the relationship that patient NPC1 severity score has with callosal fractional 

anisotropy (FA), volume, and cross-sectional area. We hypothesize that these measures have 

a negative correlation with severity score.

Materials and Methods

Study population

This study was approved by the Institutional Review Board of the Eunice Kennedy Shriver 

National Institute of Child Health and Human Development in Bethesda, Maryland. Written 
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informed consent was obtained from parents or legal guardians and documented in the 

medical record. Assent was obtained when possible. This study involved 39 pediatric 

patients with a diagnosis of NPC1 based on clinical examination and biochemical or genetic 

testing. The diagnosis was confirmed by expert evaluators (N.Y. and F.D.P.).

Image acquisition and analysis

NPC1 subjects received one magnetic resonance imaging (MRI) examination on a Philips 

Achieva 3.0T magnetic resonance scanner. Scans were acquired from August 2006 through 

January 2012. Propofol was used for sedation on all subjects for the duration of each scan. 

Spatially matched axial magnetization-prepared rapid gradient-echo (MPRAGE), T2-

weighted imaging (T2WI), and DTI sequences were obtained without gaps. Diffusion 

weighting was performed along 16 axes with a b value of 800 seconds/mm2. DTI acquisition 

parameters included repetition time (TR), 6401 ms; echo time (TE), 60 ms; field of view 

(FOV), 224 × 224 mm; acquisition matrix, 112 × 112; reconstruction matrix, 128 × 128; in-

plane resolution, 1.75 × 1.75 mm/pixel; acquisition duration, 2:27; slice thickness, 2 mm; 

and number of axial slices, 70. T2WI acquisition parameters included TR, 5400 ms; TE, 100 

ms; FOV, 220 × 165 mm; acquisition matrix, 384 × 227; reconstruction matrix, 512 × 512; 

in-plane resolution, 0.43 × 0.43 mm/pixel; acquisition duration, 2:25; slice thickness, 5 mm; 

and number of axial slices, 28.

The atlas-based segmentation of the CC was based on the three-dimensional T1-weighted 

images, which uses a reference map rather than explicit anatomic landmarks. Parameters of 

patient scans before 2010 included axial MPRAGE; TE, 3.8 ms; TR, 8.2 ms; FA, 8°; FOV, 

256 mm; acquisition matrix, 256 × 256; reconstruction matrix, 256 × 256; slice thickness, 

1.0 mm; and number of excitations, 1. Parameters of patient scans after a scanner upgrade in 

2010 included axial MPRAGE; TE, 6.5 ms; TR, 11.4 ms; FA, 6°; FOV, 220 mm; acquisition 

matrix, 256 × 131; reconstruction matrix, 256 × 256; slice thickness, 1.0 mm; and number of 

excitations, 2. Although there were hardware and software updates, the same b value was 

used so as not to affect the determination of FA. Volume was determined by counting the 

number of voxels in the original image that mapped into the atlas-defined structure.

In general, with shorter TE, the signal to noise ratio is expected to be higher because of T2-

relaxation decay. DTI is usually designed to achieve the shortest TE possible. The shortest 

TE is, in turn, determined by many imaging parameters such as the available gradient 

strength, gradient hardware performance, used pulse sequence, image matrix size, 

bandwidth, the skew rate, and parallel imaging factor. In our study, we shortened the TE by 

the minimization of the image matrix and using a relatively small b value. In addition, 

Philips scanners use the single spin-echo sequence, compared with the dual-echo sequence 

regularly used by Siemens and GE scanners, which also contributed to the shorter TE. A 

comprehensive analysis of the signal to noise ratio and bias using the similar image protocol 

has been published.32

All DTI data sets were processed offline using DTIStudio software (http://

cmrm.med.jhmi.edu and http://www.MriStudio.org). The raw diffusion-weighted images 

were first coregistered to one of the b = 0 images using a 12-mode affine transformation of 

automated image registration.20 The six elements of the diffusion tensor, the FA, and mean 
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diffusivity were calculated. The large deformation diffeomorphic metric mapping was 

performed to correct distortion caused by B0 susceptibility according to a previous 

publication,21 using T2WI as the target and the b = 0 image as the DTI data. Then, after 

skull stripping, the images were first normalized to the JHU-DTI-MNI “Eve” template with 

a nine-parameter affine transformation of automated image registration. A nonlinear 

transformation, accomplished by dual-contrast large deformation diffeomorphic metric 

mapping, was applied,22,23 using trace and FA images. The nonlinear image transformation 

and the atlas-based parcellation were performed using DiffeoMap and RoiEditor (http://

cmrm.med.jhmi.edu and http://www.MriStudio.org).24–26

These procedures are reciprocal, so the inverse-transformed brain parcellation map was 

superimposed onto the original MRI images and led to parcellation of the brain into 130 

anatomic structures.24–26 When the quantitative values were obtained, the cerebrospinal 

fluid spaces were excluded by a mean diffusivity threshold set at 0.0020 mm2/second. This 

parcellation determined CC FA, volume, and cross-sectional area for each patient. 

Additionally, it enabled segmentation of the CC into six regions by defining right and left 

halves of the CC relative to the midline: left genu, right genu, left body, right body, left 

splenium, and right splenium. FA and volume were determined for each region. Then, as a 

gold-standard verification of the atlas-based method described previously, comparative 

analysis of cross-sectional area was performed using manual tracing of the CC on a single 

midsagittal image. FA and cross-sectional area measures of the manual tracing were then 

analyzed in comparison with the automated method.

Severity score, DTI, and volume measurements

The NIH NPC neurological severity score was developed to enable clinicians to derive a 

measure of severity based on history, observation, and physical examination.7 Scores 

increase with disease severity. There are 17 subcategories that are summed to derive a total 

severity score: eye movement, ambulation, speech, swallowing, motor, cognition, hearing, 

memory, seizures, cataplexy, narcolepsy, behavior, psychology, hyperreflexia, incontinence, 

respiratory, and auditory brainstem response. The NIH NPC neurological severity score 

allows the assessment of clinical severity independent of age of disease onset, allowing the 

same scoring system to be used on children and adolescents.7 The subscores, in addition to 

the age at first symptoms, duration of symptoms, and the presence of CoQ10 and miglustat 

therapies, were analyzed with DTI and volume measurements. Analysis of covariance was 

used for statistical analysis of all data except CoQ10 and miglustat therapy, with age at scan 

as a covariate. A Mann-Whitney nonparametric t test was used to analyze the presence of 

CoQ10 and miglustat therapies with DTI and volumetric measurements. For all statistical 

analyses, a P value less than 0.05 was chosen as the threshold of statistical significance.

Results

Patient population and demographics

We studied 39 patients with NPC1 (20 female and 19 male patients) between the ages of 1 

and 21.9 years (mean = 11.1; S.D. = 6.1). The ethnic and racial distribution of patients was 

Caucasian (87%), Hispanic (12%), and American Indian (1%). The most common 
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presenting signs were splenomegaly or hepatomegaly, jaundice, and vertical gaze palsy. 

NIH neurological severity scores of this NPC1 population ranged from 1 to 46 points (mean 

= 16.2; S.D. = 11.5). The age of first symptoms ranged from birth to 13 years (mean = 2.7 

years; S.D. = 3.6). The average duration of neurological symptoms at the time of scan was 7 

years (S.D. = 4.1). At the time of the MRI examination, 21 subjects were receiving off-label 

oral miglustat as medical therapy and 26 subjects were receiving CoQ10 supplementation. 

Table 1 provides additional detailed data.

Whole corpus callosum, automated measures

For patients with NPC1, high NIH neurological severity score strongly correlated with low 

FA and low volume in the automated atlas-based approach (Table 2). The total severity 

score demonstrated a strong negative correlation with automated whole CC FA and whole 

CC volume. The FA and volume of segmented CC regions revealed similarly strong 

negative correlations with the total severity score. Figure 1 illustrates a plot of whole CC FA 

versus NIH neurological severity score, demonstrating a strong negative correlation with an 

R2 value of 0.37. Figure 2 illustrates a similar negative correlation of whole CC volume 

versus NIH neurological severity score with an R2 value of 0.22.

Automated whole CC FA and volume were correlated with NIH neurological severity score 

subcategories. Supplementary Table 1 describes the statistically significant correlations. The 

ambulation, speech, swallow, motor, cognition, memory, seizures, and incontinence 

subscores all revealed a strong negative correlation with both the automated whole CC FA 

and volume. The eye movement sub-score revealed a weak negative correlation with the 

automated whole CC FA. These weak negative correlations were present in all CC regions 

except the right genu. Eye movement demonstrated a negative correlation with the 

automated whole CC volume in all regions except for the genu and the left splenium. The 

narcolepsy subscore revealed a negative correlation with automated whole CC FA in all 

regions except the splenium. It did not correlate with automated whole CC volume 

measurements, except for the left genu. The hyperreflexia subscore followed a similar 

pattern revealing weak correlation with automated whole CC FA in all regions except the 

splenium. There was a negative correlation between hyperreflexia and automated whole CC 

volume. The presence of CoQ10 therapy only reached statistical significance in one region, 

the left and right body of the CC. Hearing, cataplexy, behavior, psychology, respiratory, and 

auditory brainstem response subscores did not correlate with DTI and volume 

measurements. Similarly, the age at first symptoms, the duration of neurological symptoms, 

and the presence of miglustat therapy did not correlate with DTI measures. Supplementary 

Tables 2 and 3 describe the statistically nonsignificant correlations.

Midsagittal slice, manual measures

For patients with NPC1, high NIH neurological severity score strongly correlated with low 

FA and low cross-sectional area in the manual tracing of the midsagittal slice (Table 2). The 

total severity score demonstrated a strong negative correlation with the manual midsagittal 

FA and cross-sectional area.
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Manual midsagittal FA and cross-sectional area were correlated with NIH neurological 

severity score subcategories (Supplementary Table 1). The ambulation, speech, swallow, 

motor, cognition, memory, seizures, and incontinence subscores all revealed a strong 

negative correlation with both the midsagittal FA and cross-sectional area. The eye 

movement subscore correlated with midsagittal FA but not with cross-sectional area. The 

narcolepsy subscore did not correlate with midsagittal FA or volume. Similarly, the 

hyperreflexia subscore did not correlate with midsagittal FA or volume. Hearing, cataplexy, 

behavior, psychology, respiratory, and auditory brainstem response subscores did not 

correlate with DTI and volume measurements. Similarly, the age at first symptoms, the 

duration of symptoms, and the presence of CoQ10 and miglustat therapies did not reach 

statistical significance in this region (Supplementary Tables 2 and 3).

Midsagittal slice, automated measures

For patients with NPC1, high NIH neurological severity score strongly correlated with low 

FA and low cross-sectional area in the automated tracing of the midsagittal slice (Table 2). 

The total severity score demonstrated a strong negative correlation with the automated 

midsagittal FA and cross-sectional area.

Automated midsagittal FA and cross-sectional area were correlated with NIH neurological 

severity score subcategories (Supplementary Table 1). The ambulation, speech, swallow, 

motor, cognition, memory, seizures, and incontinence subscores all revealed a strong 

negative correlation with both midsagittal FA and cross-sectional area. The eye movement 

subscore did not correlate with midsagittal FA or cross-sectional area. The narcolepsy sub-

score weakly correlated with midsagittal FA but not with volume. Similarly, the 

hyperreflexia subscore weakly correlated with the automated midsagittal FA but not with 

volume. The hearing, cataplexy, behavior, psychology, respiratory, and auditory brainstem 

response subscores did not correlate with DTI and volume measurements. Similarly, the age 

at first symptoms, the duration of symptoms, and the presence of CoQ10 and miglustat 

therapies did not reach statistical significance in this region (Supplementary Tables 2 and 3).

Additionally, the agreement between these automated and manual methods is validation for 

the atlas-based approach detailed previously. The correlations between the total NIH 

neurological severity score and both FA and cross-sectional area in the whole CC were 

significant (P < 0.01) in both the automated atlas-based and manual methods. 

Supplementary Tables 1–3 demonstrate this validation.

Discussion

For NPC1 patients in our study, a high NIH neurological severity score was associated with 

low callosal FA, low CC segmental volume, and low total CC cross-sectional area. Although 

all the components of the NIH neurological severity score are important, the ambulation and 

motor function domains reveal the strongest correlation with disease severity and should be 

noted as such for future clinical studies. These findings support our hypothesis that there is a 

negative relationship between DTI measures, specifically, microstructural impairment of the 

CC, and the clinical severity in pediatric patients with NPC1.
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Consistent with our findings, previous studies and case reports using DTI demonstrate 

architectural differences in white matter in individuals with NPC, and case reports suggest a 

similar pattern.6,8 Collectively, our findings of volume reduction and decreased FA in the 

CC, along with increasing clinical severity suggest that neurobiologic pathology can be 

measured In Vivo. Studies involving amyloid-β protein and cholesterol accumulation are at 

the forefront of hypotheses investigating neurodegeneration in NPC1.9–11 Current 

therapeutic intervention for NPC includes miglustat, an iminosugar that has been reported to 

provide modest benefit for NPC1 patients by reversibly inhibiting the synthesis of 

glucosylceramides.31 This is intended to prevent the production, and thus accumulation, of 

glycosphingolipids in patients with lysosomal storage disorders, resulting in the stabilization 

of a few signs such as tremor, dysarthria, cataplexy, and eye movement in juvenile-onset 

patients.4,12–14 Although miglustat reveals a potential benefit for slowing disease 

progression, our findings do not demonstrate a correlation between miglustat therapy and 

structural neuroimaging measurements. This lack of significance may be because of a small 

effect of the drug not detectable in our sample and the power of our test. It may also be 

because of our pediatric group representing a population sample with increased severity, 

which is more consistent with pediatric-onset NPC.4,12,13 Interestingly, several lines of 

evidence demonstrate 2-hydroxypropyl-beta-cyclodextrin that facilitates the efflux of 

unesterified cholesterol from the late endosome and/or lysosome in NPC1 models.15–19 This 

represents a promising area of the future study.

A potential limitation of this study is the absence of control subjects. The aim of this study 

was to examine the relationship between DTI measures and disease severity among the 

NPC1 population, and this was accomplished through a noncontrol study. Although FA and 

volume of the CC varies with age and gender, we were unable to recruit matched controls. 

At the time of this study, no control data is publicly available that was acquired under 

similar imaging parameters. Therefore, our findings of a relationship between CC and 

clinical severity demonstrate correlation as group data, and further studies determining this 

variance among age and gender matched controls are needed.

Our findings suggest that callosal measurements are a promising area requiring further 

research. Although this study suggests the benefits that an imaging biomarker may provide 

based on a patient’s single scan, assessing the progression of the disease through 

microstructural analysis is the next step. These data show promise, but larger longitudinal 

studies in humans are required to determine the benefit of medical therapy on long-term 

neuro-developmental disability. Based on the previously mentioned results, imaging may 

play an important role in determining the efficacy of any such therapy. Additionally, the 

reliability of an automated method was validated with manual tracing.

Conclusions

DTI and volume measurements of the CC are associated with disease severity in pediatric 

and young adult patients with NPC1. Future studies applying brain microstructural analysis 

to longitudinal functional and behavioral outcomes will improve our understanding of 

NPC1, in addition to providing a biomarker of CNS damage and disease severity that can be 

used for the evaluation of future interventions.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Whole CC FA shows significant negative correlation with NPC severity score. (Color 

version of this figure is available in the online edition.)
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FIGURE 2. 
Whole CC volume shows significant negative correlation with NPC severity score. (Color 

version of this figure is available in the online edition.)
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TABLE 2

Total National Institutes of Health Niemann-Pick Disease Type C Neurological Severity Score Correlations

Measure Location P r F

FA L genu <0.01 −0.69 34.43

L body <0.01 −0.66 28.85

L splenium <0.01 −0.56 16.55

R genu <0.01 −0.54 14.84

R body <0.01 −0.73 41.38

R splenium <0.01 −0.56 16.84

Total <0.01 −0.66 29.25

Volume L genu <0.01 −0.55 16.7

L body <0.01 −0.61 24.45

L splenium <0.01 −0.57 18.91

R genu <0.01 −0.55 16.38

R body <0.01 −0.65 29.5

R splenium <0.01 −0.54 16.6

Total <0.01 −0.6 21.94

Manual midsagittal

 FA Midsagittal <0.01 −0.64 26.3

 CC cross-sectional area Midsagittal <0.01 −0.64 25.29

Automated midsagittal

 FA Midsagittal <0.01 −0.64 26.1

 CC cross-sectional area Midsagittal <0.01 −0.44 10.12

Abbreviations:

CC = Corpus callosum

F = Variance ratio

FA = Fractional Anisotropy

L = Left

r = Correlation coefficient

R = Right
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