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BACKGROUND AND PURPOSE: The high rate of neuropsychologic sequelae in CM survivors indicates
that initial antifungal therapy is far from being satisfactory. This prospective cross-sectional study
applied DTI on HIV-negative CM patients to determine whether microstructural changes in brain tissue
are associated with subsequent cognitive symptoms.

MATERIALS AND METHODS: Fifteen patients with HIV-negative CM and 15 sex- and age-matched
healthy volunteers were evaluated and compared. All underwent complete medical and neurologic
examinations and neuropsychologic testing. Brain DTI was obtained to derive the FA and ADC of
several brain regions. Correlations among DTI parameters, neuropsychologic rating scores, and cryp-
tococcal-antigen titer in CSF were analyzed.

RESULTS: Significant ADC values increased and FA values decreased in HIV-negative CM patients in
multiple selected regions of interest, including the genus of the corpus callosum and the frontal,
parietal, orbito-frontal, and periventricular white matter and lentiform nucleus. Higher CSF cryptococ-
cal-antigen titer on admission was associated with poorer DTI parameters (r � �0.666, P � .018),
which were linearly related to worse cognitive performance during follow-up.

CONCLUSIONS: The decline in brain DTI parameters in the associated brain areas indicates an HIV-
negative CM microstructural pathology that is related to neuropsychologic consequences.

ABBREVIATIONS: ADC � apparent diffusion coefficient; CASI � Cognitive Ability Screening Instru-
ment; CM � cryptococcal meningitis; CNS � central nervous system; DTI � diffusion tensor
imaging; DWI � diffusion-weighted MR imaging; FA � fractional anisotropy; HIV � human
immunodeficiency virus; MANCOVA � multivariate analysis of covariance; ROI � region of inter-
est; WAIS � Wechsler Adult Intelligence scale; WM � white matter

CM is the most common life-threatening opportunistic
fungal meningitis. It is an especially important cause of

morbidity and mortality among immunocompromised pa-
tients.1-4 Although antifungal therapy has been introduced,
the high rate of neurologic sequelae among survivors indi-
cates that therapy for CM is far from being satisfactory.5-7

New nonconventional MR imaging techniques such as
DWI have been proposed as tools to improve diagnostic
accuracy and achieve a better understanding of the patho-
physiology and psychology of the diseased brain.8,9 DTI, a
DWI technique, provides a quantitative noninvasive
method for delineating anatomic integrity, particularly for

the WM pathways, by measuring the extent and direction of
diffusion. FA values indicate WM directionality and fiber
coherence, whereas ADC indicates the degree of diffusion
restriction or cellular attenuation.10 By measuring FA and
ADC values, decreased myelin integrity or neuron cell loss
is reportedly associated with cognitive impairment in nor-
mal aging,11 degenerative disease,12 psychiatric disorders,13

and even CNS toxicity.14 DTI also has been assessed to
quantify periventricular WM changes in neonatal meningi-
tis,15 and decreased FA values are observed in patients with
abnormal outcome.

Furthermore, the dilated Virchow-Robin spaces in cryp-
tococcal invasion suggest possible microstructure injury in
the basal ganglia. Currently, there has been no prospective
study investigating DTI techniques in HIV-negative CM
patients. The effect of structure alteration on the neuropsy-
chologic decline in this particular group is unknown. In-
creasing the understanding of cognitive impairment that
occurs in such patients may help improve treatment
strategies.

The primary objective of the current study is to test the
hypothesis that changes of DTI parameters in the basal gan-
glia and in vulnerable WM, such as the periventricular re-
gion, occur in HIV-negative CM patients during long-term
follow-up. The secondary objective is to examine the rela-
tionship between anatomic deficits and cognition, as as-
sessed by standard neuropsychologic testing.
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Materials and Methods

Subjects
From March to May 2010, 28 HIV-negative CM patients with discon-

tinued antifungal therapy, discharged from the hospital for �3

months, were seen at the Neurology Outpatient Clinic of Chang Gung

Memorial Hospital-Kaohsiung Medical Center. Chang Gung Memo-

rial Hospital CGMH-Kaohsiung is a 2482-bed acute-care teaching

hospital that provides primary and tertiary referral care and is the

largest medical center in southern Taiwan. Of these patients, 15 were

enrolled in this study and received both neuroimaging and neuropsy-

chologic follow-up examination. The hospital’s Institutional Review

Committee on Human Research approved the study, and all patients

provided written informed consent.

CM was defined as either 1) isolation of Cryptococcus neoformans

in one or more CSF cultures, positive CSF cryptococcal antigen titer,

or positive CSF India ink and clinical features of meningitis; or 2)

isolation of C. neoformans in blood culture with clinical presentations

of meningitis and typical CSF features. It is our practice to arrange

brain MR imaging study immediately after hospitalization as well as

before discharge from the hospital. Furthermore, repeat CT and/or

MR imaging was obtained if there was clinical deterioration before

discharge. Hydrocephalus was diagnosed by the presence of a dilated

temporal horn of the lateral ventricle, without obvious brain atrophy,

and/or an Evan ratio of �0.3 on CT or MR imaging during admission.

Evan ratio is the ratio of the ventricular width of the bilateral frontal

horn to the maximal biparietal diameter.16

CM patients were excluded if they had any of the following: 1) age

�20 years or �75 years; 2) evidence of alcoholism or any other ad-

dictive disorders, or known affective or other psychiatric disease and

use of sedatives or neuroleptics; and 3) known neurologic disorders

potentially affecting the CNS, or severe recent life events that may

interfere with neuropsychologic testing. Of the 13 excluded patients, 9

had severe neurologic sequelae that could interfere with neuropsy-

chologic testing and 4 were hesitant to enroll in the study.

All of the included patients underwent complete medical and neu-

rologic examinations, and neuropsychologic testing. Neurologists in-

tegrated the clinical manifestations and neuropsychologic findings.

For comparison, 15 sex- and age-matched healthy subjects without a

medical history of neurologic disease and with similar lengths of

school education were recruited through advertising within the hos-

pital and served as the control group.

MR Imaging Acquisition
All our patients received MR imaging within 3 days after hospitaliza-

tion, and these 15 patients underwent both MR imaging and DTI

study between March and May 2010. The mean interval between first

MR imaging (MR imaging during acute phase but without DTI study)

and first including both MR imaging and DTI studies was 60.5 � 39.6

months. For initial evaluation on admission and follow-up, MR im-

aging was performed by using a 3T unit (Signa Excite HD; GE Medical

Systems, Milwaukee, Wisconsin). All sections were acquired along the

anterior/posterior commissure plane, which was ensured by a multi-

planar T1-weighted localizer image before each study. Axial T1-

weighted images, axial T2-weighted images, and T1-weighted en-

hanced images were acquired to evaluate intracranial lesions.

DTI Data Acquisition
During follow-up, DTI datasets were acquired by using single-shot

diffusion spin-echo, echo-planar imaging with a TR/TE of 15 800

millisecond/minimum, a 2.5-mm section, a matrix of 128 � 128,

number of excitations of 3, and a FOV of 25.6 � 25.6 cm, yielding an

in-plane resolution of 2 mm, with a total acquisition time of 12 min-

utes. DTI encoding entailed 13 noncollinear directions with b � 1000

s/mm2 and a nondiffusion T2-weighted image. Contiguous sections

(n � 55) were obtained without an intersection gap to achieve total

cerebral coverage.

The DTI sets were transferred to an off-line workstation for fur-

ther analysis by the FuncTool diffusion tensor protocol (Advanced

Workstation 4.2; GE Healthcare), which contained a preprocessing

function to remove echo-planar imaging distortions, including scal-

ing, shearing, and translation due to eddy current effects from diffu-

sion gradient. The distortion-corrected data were then interpolated to

attain isotropic voxels and decoded to obtain the tensor field for each

voxel. The algorithm computed each pixel location the 6 coefficients

of the diffusion tensor. The tensor field data were then used to com-

pute the DTI metrics, including the mean diffusivity (ADC) and FA

for each voxel.

Neuropsychologic Testing
A clinical psychologist blinded to the patients’ exposure status per-

formed the neuropsychologic tests. Subjects completed a test battery

assembled to assess executive function, attention, and memory. Neu-

ropsychologic evaluation was performed by using subtests of WAIS-

III.17 These included information that measured general knowledge,

digit span, vocabulary ability to define 35 words, arithmetic, letter-

number sequencing, comprehension, similarities, picture comple-

tion, matrix reasoning, block design, picture arrangement, digit sym-

bol, and object assembly. The subtests of vocabulary, similarities, and

general knowledge yielded the verbal comprehension; picture com-

pletion, block design, and matrix reasoning yielded the perceptual

reasoning; and arithmetic, digit span, and letter-number sequencing

yielded the working memory.

CASI18 was obtained in all subjects. The CASI, developed as a brief

screening cognitive assessment test for comparative studies in Asian

and American populations, had 9 domains of cognitive function (ie,

attention, concentration, orientation, short- and long-term memory,

language ability, visual construction, word list generation, abstrac-

tion, and judgment), with scores ranging from 0 (worst) to 100 (best).

The mean cognitive scores for measures of neuropsychologic testing

were generated by averaging the standardized data from verbal com-

prehension, perceptual reasoning, working memory of WAIS, and the

CASI. Mean cognitive scores were applied for further correlation by

DTI parameters.

ROI Analysis of DTI Data
The MR imaging findings in CNS cryptococcosis included abnormal

dilated Virchow-Robin spaces, cryptococcomas, abnormal lepto-

meningeal enhancement, hydrocephalus, and focal gray matter and

WM lesions.19-22 Meningitis also could lead to periventricular WM

injury by glial cell infiltration.15 The spectrum of abnormalities on

MR imaging reflected potential anatomies of fungal invasion. Based

on these reports, several major WM and deep gray matter areas were

selected for ROI analysis (Fig 1).

A radiologist measured the ROIs, 50 –100 mm2 depending on the

anatomic region, which were confirmed by another radiologist to

avoid malpositioning. All ROI analyses were conducted on DTI-de-

rived maps, including the null image (b value � 0) and their corre-

sponding color-coded FA maps to ensure exact anatomic locations.

The regions where ROIs were placed appeared normal on conven-
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tional MR imaging and were fixed a priori in all patients as well as in

controls. These measurements were performed according to the

methods described in previous studies.14,15,23

In WM analysis, ROIs were placed on the genu and splenium of

the corpus callosum; the anterior and posterior limbs of the internal

capsule; and the subcortical orbito-frontal, high frontal, parietal, oc-

cipital, temporal, and periventricular WM. For deep gray matter anal-

ysis, ROIs of the caudate nucleus, globus pallidus, putamen, and thal-

amus were selected. Raters were blinded to the subjects’ details, and

the ADC and FA for the 24 brain areas were measured.

Statistical Analysis
First, the age and education level between the 2 patient groups were

analyzed by using the Student t test. Sex difference was analyzed by �2

test or the Fisher exact test, where appropriate. The neuropsychologic

test scores between patients and control subjects were estimated by

1-way analysis of covariance model with the participant age and sex as

covariates. Statistical differences in the DTI parameters of each ROI

between the 2 groups were estimated by MANCOVA model, with the

participant age and sex as covariates. The MANCOVA model was

defined by one between-subject factor and 24 ROIs as dependent

variables, with multiple comparison collection (Bonferroni correc-

tion). Secondary partial correlation analyses (2-tailed) between non-

parametric tests and DTI parameters showing differences between the

2 groups were performed, controlling for age and sex.

High CSF cryptococcal antigen was reportedly associated with

poor outcome and high prevalence of cryptococcal-related intracra-

nial lesions.5 Cognitive impairment, as a CM complication, has pre-

viously been attributed to hydrocephalus and elevated intracranial

pressure in HIV subjects.24 Last the partial correlation test was chosen

to examine the relationship between CSF cryptococcal antigen and

declining DTI parameters, controlling for age, sex, and ventricle size

(Evan ratio). Statistical significance was defined at P � .05. All statis-

tical analyses were performed by using the SPSS software, version 10.0

(SPSS, Chicago, Illinois).

Results

Baseline Characteristics and Imaging Findings
of Study Patients
The baseline characteristics of all subjects are listed in On-line
Table 1. Neuroimaging findings and CSF cryptococcal-anti-
gen titers of the 15 patients on admission and follow-up CT
and/or MR imaging are listed in On-line Table 2. Two radiol-
ogists carefully evaluated all of the images. Baseline CT and
MR were normal in 2 of the 15 patients. The 4 major MR
imaging manifestations in the remaining 13 patients were
meningeal/gyral enhancement (60%), basal ganglia infarc-
tion/Virchow-Robin spaces dilation (47%), hydrocephalus
(33%), and focal cerebritis (27%). The mean interval between

Fig 1. Location of the ROIs in a healthy control. A, WM of the high frontal and parietal lobes located anterior and posterior to the central sulcus on the most caudal section on which
they were visible and on the following cranial section. B, Periventricular WM was measured on the subsequent caudal section. C, ROIs at the genu and splenium of the corpus callosum
were placed on 3 consecutive sections. The anterior and posterior internal capsules, caudate nucleus, globus pallidus, putamen, and thalamus were measured on 2 contiguous sections.
D, Orbito-frontal WM was placed on the most caudal section of the lateral ventricles. Occipital-lobe ROIs were placed in the optic radiations of 2 contiguous sections, starting from the
most caudal section on which the occipital horn of the lateral ventricle was imaged. Temporal lobe WM ROIs were placed lateral to the temporal horn of the lateral ventricle (not shown).
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hospital discharge and follow-up was 59.8 months (range,
3–122 months).

During follow-up, interval evolutions of image studies
were compared lesion by lesion. The absence of brain le-
sions was recorded and defined as disappearance of the
hyperintensity on T2-weighted image without any in-
creased enhancement. There was resolution of the imaging
abnormality in 8 of the 13 patients. There was resolution of
the imaging abnormality in 8 of the 13 patients and persis-
tent abnormality in the other 5 patients (On-line Table 2).

Neuropsychologic Testing
Results of each WAIS-III and CASI subtest are presented in
On-line Table 1. Patients scored lower– digit span and block
design tests of WASI, indicating deficits in attention, concen-
tration, and visuo-spatial skills.25 Patients also exhibited
poorer abstract thinking in the CASI than the healthy controls,
suggesting an executive function defect. Patients experienced
poor performance compared with the controls on 2 major
WAIS components, perceptual reasoning and working mem-
ory index, and on CASI test scores. The mean cognitive scores
derived from the above-mentioned tests also revealed signifi-
cantly poor cognitive outcome in CM patients. In general, the

trend in means for the individual tests indicated that survivors
of HIV-negative CM showed global impairment even after a
5-year follow-up.

ADC
The MANCOVA revealed significant difference between the 2
groups on ADC value (F � 3.763, P � .011). Comparisons
between HIV-negative CM patients and controls showed that
patients had increased ADC in the genu of the corpus callosum
(910.8 � 73.4 versus 850.5 � 56.9; F � 6.308, P � .018), high
frontal (841.8 � 51.7 versus 785.6 � 36.7; F � 11.780, P �
.002), parietal (822.8 � 61.6 versus 766.4 � 41.4; F � 8.673,
P � .006), periventricular (828.6 � 38.0 versus 800.2 � 40.8;
F � 5.127, P � .032), and globus pallidus areas (846.0 � 77.1
versus 779.5 � 74.3; F � 5.772 P � .023). The ADC of the
overall measured WM (F � 6.010, P � .021) and lentiform
nucleus (F � 4.983, P � .034), made up of the globus pallidus
and putamen, was also significantly increased (Fig 2).

FA
The MANCOVA revealed significant difference between the 2
groups on FA value (F � 2.650, P � .048). Among HIV-neg-
ative CM patients, FA was significantly reduced compared

Fig 2. ADC (A) and FA (B) values measured with DTI. *P � .05; **P � .01.
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with controls in the high frontal (360.9 � 38.1 versus 422.9 �
31.7; F � 23.522, P � .001), parietal (405.8 � 56.9 versus
457.0 � 42.0; F � 7.862, P � .009), orbito-frontal (426.9 �
42.9 versus 468.9 � 50.2; F � 6.086, P � .020), and periven-
tricular WM (406.3 � 30.5 versus 453.1 � 31.0; F � 17.359, P
� 0.001). The FA of the overall measured WM (F � 12.182,
P � .002) likewise significantly decreased (Fig 2), whereas the
FA was reduced in HIV-negative CM patients in regions with
abundant WM, such as the anterior and the posterior limbs of
the internal capsule and the temporal and occipital WM.
However, the differences were not significant. In the deep gray
matter, the FA also was reduced compared with the controls
but not statistically significant.

Relationship between DTI Parameters and
Neuropsychologic Function

Relation between ADC and Cognitive Domains. De-
creased digit span scores were negatively associated with ADC
value in the globus pallidus (� � �0.374, P � .046). Decreased
perceptual reasoning index was inversely associated with ADC
value in the parietal (� � �0.415, P � .025) and periventricu-
lar WM (� � �0.392, P � .036). Scores of abstract thinking
were negatively associated with the genus corpus callosum
ADC value (� � �0.368, P � .050), whereas lower mean cog-
nition scores were inversely associated with periventricular
ADC value (� � �0.375, P � .045).

Relation between FA and Cognitive Domains. Worse
digit span scores, lower working memory index, and poorer
mean cognition scores correlated with decreased FA values in
the high frontal (� � 0.404, P � .030; � � 0.414, P � .026; and
� � 0.435, P � .018, respectively), orbito-frontal (� � 0.408,
P � .028; � � 0.431, P � .019; and � � 0.405, P � .029,
respectively), and mean WM (� � 0.467, P � .001; � � 0.402,
P � .031; and � � 0.372, P � .047, respectively).

Relationship between DTI Declines and CSF
Cryptococcal-Antigen Titer
Elevated CSF cryptococcal-antigen titer on admission was
negatively associated with lower FA value in the periventricu-
lar region (r � �0.666, P � .018) on follow-up in CM patients
(Fig 3). Otherwise, there was no significant correlation be-

tween CSF antigen titer and ADC value in either the WM or
the deep gray matter.

Discussion
Survivors of bacterial meningitis often complain of neuro-
logic26 and neuropsychologic sequelae.27 Cognitive deficien-
cies after bacterial and viral meningitis (predominantly short-
term and working memory) also have been described.28

Although impaired cognition related to CM infection, ranging
from acute confusion, psychosis, and mania to encephalopa-
thy, is well known, evidence is based on case reports29-32 or
comorbidity with HIV infection.33 This is the first study to
show correlations between neuropsychologic sequelae and
changes in DTI parameters in patients with HIV-negative CM
by measuring DTI parameters. The study also confirms the
hypothesis that anatomic integrity subsequently decreases in
the chronic phase of the disease, even after antimicrobial ther-
apy, and that CSF antigen titers can predict the degree of DTI
parameter degradation. Furthermore, the degree of decline of
DTI parameters correlates well with cognitive outcomes.

Cryptococcosis is often seen in patients with compromised
cellular immune response, particularly in AIDS patients.
However, up to 30% of cases are in patients with no predis-
posing condition, such as the patient group in this study.34

Patients with higher lactate concentration, lower glucose con-
centration, CSF cryptococcal antigen titer above 1:1024, pos-
itive India ink preparation, and presence of hydrocephalus
and seizure show significantly worse outcomes.5,35 Thus, they
require prompt treatment.

Sadly, neuropsychologic sequelae in patients with low risk
factors are easily overlooked. A significant proportion of CM
survivors can develop various neurologic sequelae, including
cognitive impairment.35 The current patient group does not
have adverse factors but apparently has good recovery, though
they still show more frequent pathologic results than the con-
trol group for all domains examined. Large numbers of pa-
tients with cognitive impairment will therefore continue to
have complaints attributable to their illness after the acute
phase of the disease.

Meningitis can lead to brain atrophy, with loss of cortical
neurons and periventricular WM injury by glial cell infiltra-
tion.15 Most active cryptococcal neuroradiologic lesions re-
gress, with residual gliosis found in few patients after 5 years of
follow-up. Although WM changes might occur due to mi-
croangiopathy in some aging subjects after long-time follow
up, and might be unrelated to the disease process, diffusely
decreased FA in normal-appearing parenchyma in patients is
consistent with a previous neuropathologic study.36

Inflammation, ischemia, and oxidative stress are consid-
ered responsible for the development of WM injury after men-
ingitis.15,36 From conventional MR imaging, only 2 of the 15
patients in the initial study and 2 of the 15 patients in the
follow-up study had parietal lobe encephalitis. No one has
frontal or periventricular lesions. However, there was signifi-
cant microstructural damage in parietal WM observed in re-
sidual patients (FA, P � .002; ADC, P � .013) after excluding
patients with pre-existing lesions.

In contrast, 10 of 15 patients with lepto-meningeal en-
hancements and/or hydrocephalus suggest intense inflamma-
tion. Selective WM degradation implies that the leading cause

Fig 3. Relationship between log-transformed cryptococcal CSF antigen titer level and FA
value in the periventricles after adjustments for age, sex, and Evan ratio in 15 CM patients
(asterisk, 2 dots were overlapped).
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of outcome is mixed or complicated. In CM, inflammation is
initially confined to the subarachnoid space and is prone
to infiltrating the Virchow-Robin perivascular spaces. Throm-
boembolic results from vasculitis within small perivascular
spaces further lead to tissue ischemia by decreasing cerebral
perfusion. The frontal, parietal, and periventricular WM have
relatively few oligodendrocytes to maintain heightened num-
bers of axons. Oxidative stress during the ischemic condition
amplifies pathologic processes due to the high metabolic de-
mands of oligodendrocytes.14

Hydrocephalus is a common complication in the CM

group. Hydrocephalus after CM may compromise brain ves-
sels and lead to brain ischemia and consciousness deteriora-
tion. Based on admission MR imaging, 5 patients had signs of
hydrocephalus. However, several studies point to the lack of
radiologic hydrocephalus in cases of high opening CSF pres-
sure.7 In patients with acute hydrocephalus, obvious de-
creased FA and increased ADC are found in the corpus callo-
sum37 because it is the tissue most affected by enlarged
ventricles (because it is located just above them) and therefore
degenerates more rapidly. Studies on the pathology of the cor-
pus callosum in acute and chronic states, and of the periven-

Fig 4. A 31-year-old man with CM (A–D) and a healthy control (E and F). A, Axial T2-weighted image. B, Axial T1-weighted image with contrast infusion displaying bilateral lentiform nucleus
(arrows), left temporal and left occipital meningeal enhancement (arrowheads), C, ADC maps displaying bilateral dilated Virchow-Robin spaces (arrows) in the lentiform nucleus, and global
cerebral ADC value increased. D, periventricular white matter FA value decreased (arrows).
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tricular system in cases of chronic hydrocephalus, support
this.38,39 There is also sustained leptomeningeal enhancement
and nonresolved hyperintensity from follow-up MR imaging
in some of the patients. Despite the absence of strong imaging
evidence of hydrocephalus, an insidious, chronic arachnoid-
itis can exist. Prolonged elevated ventricle pressure impairs
myelin repair (Fig 4), which is further confirmed by results
here.

The obvious increase in ADC value in the lentiform nu-
cleus is not surprising. The Virchow-Robin spaces appear as
the main anatomic sites involved, even radiologically during
cerebral cryptococcosis.20 The cryptococcal organisms spread
from the basal cisterns through the Virchow-Robin spaces,
dilating these spaces, to ultimately propagate in the lentiform
nucleus. Such lesions have been described as characteristic for
cryptococcosis, which show these lesions to be small cystic
collections of cryptococcal organisms. The T2-weighted image
sequences are more sensitive in detecting these lesions com-
pared with CT or T1-weighted MR images.19 The high micro-
bial burden in the perivascular space causes small arterial in-
farction and venous thrombosis. Both cause cell death and
gliosis. Neuronal loss, as well as fungal cyst accumulation, al-
ters ADC values (Fig 4).

Conclusions
This study supplements previous MR imaging studies by add-
ing a level of anatomic detail to the relationship between
changes in diffusion parameters and cognitive dysfunction. It
also demonstrates that high fungal burden, based on high an-
tigen titers, correlates to periventricular WM injury in CM.
Although the results are based on a relatively small cohort, the
strength of the clinical MR imaging correlations highlights the
importance of widespread pathology in CM, which suggests
that quantifying tissue damage may improve the capacity to
monitor the neuropsychologic consequences of CM.
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