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ABSTRACT

BACKGROUND AND PURPOSE: The structural basis of cognitive sequelae after bacterial meningitis in humans is still poorly understood.
In animal models and human autopsy cases, neuronal apoptosis of the hippocampal formation in particular seems to play an important
role. Here, we aimed to analyze if BM entails MR imaging structural consequences in humans in vivo.

MATERIALS AND METHODS: We applied voxel-based morphometry in a cohort of BM survivors with normal conventional MR imaging
after resolution of the acute inflammation to assess morphologic differences.

RESULTS: We found clear gray matter volume loss in the limbic system including the hippocampal formation, thalamus, and cingulate gyri
bilaterally as well as in the temporal lobe. These results were corroborated by an alternative atlas-based method.

CONCLUSIONS: Even in patients with normal routine MR imaging results, clear-cut gray matter atrophy with a mesial temporal/limbic
pattern was evident. The anatomic distribution is compatible with the neuropsychological deficit commonly observed in patients after
BM. The similarity of the observed atrophy may point to causal link between BM and mesial temporal epilepsy.

ABBREVIATIONS: BM = bacterial meningitis; mTLE = mesial temporal lobe epilepsy; TIV = total intracranial volume; VBM = voxel-based morphometry

B acterial meningitis is associated with disabling sequelae in a
significant proportion of patients." However, the structural
basis of these in many cases is not clear. In a previous study, we
found a normal conventional MR imaging result in 46 of 58 pa-
tients. The available evidence points toward an involvement of the
hippocampal formation: an increased apoptosis in the dentate
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gyrus has been found after BM at autopsy.” Another study’
showed bilateral hippocampal volume loss in patients with tem-
poral lobe epilepsy with prior encephalitis or meningitis. In addi-
tion to the meningitis itself, the bacteriemia seems to play an
important role in the development of apoptosis in bacterial men-
ingitis, as demonstrated in a rat model of bacterial meningitis.*
Moreover, in another autoptic series, patients after bacterial men-
ingitis displayed focal and diffuse axonal damage that was most
prominent in the basal ganglia and in the hippocampal forma-
tion.” In contrast to the sparse and often casuistic knowledge in
humans, experimental murine, rat, and lapine BM models have
extensively shown the important role of damage to the hippocam-
pal formation mainly caused by apoptotic neuronal decay®” and
to the neurons in the neocortex, mostly caused by necrosis.*’

In our current study, we applied voxel-based morphometry,
an unbiased MR imaging technique, to assess volumetric differ-
ences in patients after BM with normal conventional MR imaging
results compared with healthy control participants; as an alterna-
tive approach, we confirmed the results with an atlas-based
method."®

MATERIALS AND METHODS

Patients

From the 58 patients of our previous, retrospective cohort study"*
who had undergone a volumetric MR imaging scan, we excluded



FIGURE. Group-level differences in SPM8. Significant volumetric differences (P < .05 family-wise error—corrected, peak level) between
patients and healthy control participants are shown overlaid on the averaged, normalized T1-weighted image of the entire cohort. The color
scale represents t values: red-yellow colors are decreases (patients < control participants), and blue-green colors are increases (patients
> control participants). Top row, Coronal sections (anterior to posterior). Bottom row, Axial sections (inferior to superior). Images are in

radiologic convention (left in the image is right in the participants).

those with visible morphologic alterations (12/58). In 5 patients
the original DICOM datasets were not available or had quality
problems (eg, movement artifacts). Thus, 41 patients after BM
with normal routine MR imaging results (as rated by board-cer-
tified neuroradiologists, who also rated a T2-fluid-attenuated in-
version recovery sequence) were available for the further analysis
and were compared with a control group of 12 healthy partici-
pants without a medical history of neurologic disease and with
normal neurologic examination results. The mean age was 41.8 *
14.3 years (age range, 19—68 years) for patients and 49.2 * 10.5
years (age range, 33—66 years) for control participants. A total of
18 patients (43.9%) and 5 control participants (41.7%) were
women. Detailed biometric data of the enrolled participants are
shown in On-line Table 1. All participants gave written informed
consent, and the study was approved by the local ethics commit-
tee. The detailed inclusion and exclusion criteria are given in our
previous publication."'

In brief, we included patients with a history of definite BM as
evidenced by positive results on CSF culture or Gram stain or at
least 2 distinctive signs of central nervous system infection (CSF
leukocyte count =1000/[micro]L, CSF lactate =3.0 mmol/L,
and CSF protein concentration =1000 mg/L) plus clinical signs
of meningitis. Exclusion criteria were age younger than 15 years
or older than 70 years, a history of alcoholism or any other ad-
diction disorder, any neurologic or psychiatric comorbidity pos-
sibly affecting the central nervous system, or known neoplastic
diseases. Patients with BM from tuberculosis or borreliosis
were also excluded. Thus, the spectrum of bacterial species in-
cluded streptococcus pneumonia (27%), Neisseria meningitides
(27%), Staphylococcus aureus (2%), other streptococci (8%),
and Listeria monocytogenes (5%). In 31% of patients, no iden-
tification was possible because of negative culture or Gram stain
results.

MR Imaging

High-resolution T1-weighted 3D (1.3 X 1 X 1 mm) scans were
acquired on a 1.5T scanner (Philips, Best, the Netherlands) (3D-
T1-fast-field-echo: TE, 6.0 ms; TR, 24.05 ms; flip angle, 30°% ma-
trix, 130 X 256 X 256).

Voxel-Based Morphometry

The original DICOM images were converted to the Neuro-
imaging Informatics Technology Initiative format and were ana-
lyzed off-line with statistical parametric mapping software, v8

(SPMB8; http://www fil.ion.ucl.ac.uk/spm/) running in Matlab 7.7
(MathWorks, Natick, Massachusetts). Images were segmented
into tissue classes (gray matter, white matter, CSF, and nonbrain
classes) by use of the revised unified segmentation model of SPM8
(“new segment”) with default settings. Gray matter maps were
normalized to Montreal Neurological Institute space in 1.5-mm
cubic resolution by use of the DARTEL (Diffeomorphic Anatom-
ical Registration using Exponentiated Lie Algebra) procedure of
SPM8.'? The resulting maps were modulated with the Jacobian
determinants to preserve the local and global gray matter
amounts and were convolved with an 8 X 8 X 8-mm Gaussian
kernel. We estimated the total intracranial volume by summing
up the probability maps of gray matter, white matter, and CSF
multiplied by voxel size (in native space) using a custom Matlab
script. We then analyzed group differences of patients with
BM compared with control participants by using the gen-
eral linear model of SPM8 and a 2-group t test including TIV, age,
and sex as confounders of no interest. Differences between the
patient and control groups with a threshold of P <.05 (corrected
for multiple comparison with a family-wise error rate) were con-
sidered significant. Resulting statistical maps were overlaid on the
averaged, normalized T1-weighted scan of the complete group with
MRIcro (http://www.sph.sc.edu/comd/rorden/mricro.html). The
FSL4.1 (EMRIB Software Library, http://www.fmrib.ox.ac.uk/fsl/)
atlas tool (Harvard-Oxford cortical and subcortical atlases) was used
to assess the anatomic location of the detected clusters (reporting
only the highest-probability gray matter structure).

Atlas-Based Volumetry
In addition to the VBM analysis, we conducted an atlas-based
volumetry. To this end, the modulated, normalized gray matter
maps (not smoothed) were, in turn, masked with 83 anatomic
labels of a maximal probability atlas based on 30 participants
(n30r83 atlas).'® For further analysis, CSF labels were not consid-
ered, which left 78 distinct brain regions. The modulated gray
matter voxels within each region were summed up and multiplied
with the voxel volume with use of a Matlab script, resulting in one
absolute gray matter volume per region. To account for global
effects (eg, head size), we divided this regional volume by TIV (see
above), yielding a dimensionless fractional value that was ex-
pressed in per million (%o).

For each region, we analyzed differences between patients and
control participants by using PASW Statistics v18 (IBM, Somers,
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New York) and a general linear model controlling for age and sex
as confounders of no interest. Resulting P values were corrected
with Bonferroni error correction; a corrected P < .05 value was
considered statistically significant.

RESULTS

Voxel-Based Analysis

VBM revealed significant loss of gray matter in the limbic system
and in the temporal lobe (Figure). In particular, the hippocampal
formations, the amygdalae, middle temporal gyri, left inferior
temporal gyrus, and left planum temporale showed reduced gray
matter volumes. Outside of the temporal lobe the left thalamus,
the anterior cingulate gyrus, and the area of the mammillary
bodies were affected. Gray matter increases compared with con-
trol participants were found around the brain stem, in the orbito-
frontal area, and the occipital lobe. A detailed description of
the detected clusters with their anatomic positions is shown in
On-line Table 2.

Atlas-Based Analysis

When quantified with the alternative atlas-based method, the
findings of the VBM analysis were generally confirmed (compare
On-line Table 3). Significantly smaller gray matter volumes were
found for the hippocampal formations, the left medial and infe-
rior temporal gyri, the right cingulate gyrus (posterior part), the
right parietal lobe, the left superior frontal gyrus, and the callosal
area. Significantly increased gray matter volumes were detected in
the brain stem, the left occipital lobe, both middle frontal gyri, the
left parietal lobe, both anterior orbital gyri, the right superior
frontal gyrus, the right superior parietal gyrus, both lateral orbital
gyri, and the left posterior orbital gyrus.

DISCUSSION

In this analysis, we show that even in patients with normal routine
MR imaging results, structural sequelae after BM are present.
These encompass several brain regions—in particular, the tem-
poral lobe and the limbic system. Our study was performed in
patients without any visible substance deficits such as postvaso-
spastic brain infarctions, lesions attributed to abscess formation/
evacuation, or other complications that BM can induce. In addi-
tion, care was taken during the recruitment to exclude any
comorbidities, such as alcoholism, that could predispose to BM as
well as directly causing atrophy. We hypothesize that the mesial
temporal region has a specific susceptibility for injury caused by
BM. Such predispositions have been described in BM in the hip-
pocampal region in rabbits”? and in rats.'> Also, apoptotic lesions
along the convexities of the brain have been found in rats.'* A
histopathologic postmortem analysis of patients who died of bac-
terial meningitis also suggested a vulnerability of the mesial tem-
poral region in humans.” Because of the technical design, our
findings are examiner-independent and did not only confirm the
early region of interest—based hippocampal volume loss in a sub-
group of patients with BM? but also showed distributed atrophy.
It is likely that the involvement of the limbic system (anterior
cingulate gyrus, thalamus, mammillary bodies) reflects network
effects. However, it remains uncertain if a single region, possibly
the hippocampal formation, is the essential focus of pathophysi-
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ologic changes as suggested by animal studies or if several, or all,
regions are affected in parallel. From a neuropsychological point
of view, the hippocampal predominance of volume loss might
explain a considerable part of the memory dysfunctions that sur-
vivors of BM often experience.'"'>'¢ In our previous study in the
same cohort,'" we found significantly worse neuropsychological
performance in BM for working memory, executive, and visocon-
structive functions.

It is interesting to note that a striking similarity exists in the
atrophy pattern in patients after BM compared with patients with
mesial temporal lobe epilepsy without a history of bacterial men-
ingitis."”'® This atrophy pattern might represent an important
morphologic factor for epilepsy after meningitis or encephalitis
occurring in approximately 4%-5% of patients. This finding is in
line with the observation that priming events, like febrile convul-
sions but also similar to meningitis or encephalitis, are frequently
found in mesial temporal lobe epilepsy with hippocampal sclero-
sis but are less common in other types of epilepsy.'® However,

other studies*>?!

suggest that only meningitis before age 4 years is
an important factor for the development of mTLE. Our sample, in
contrast, was adult-onset BM; clinically overt epilepsy was found
in only 1 patient during the observation period. Nevertheless, our
findings may trigger further studies looking into the link between
priming events and the development of epilepsy. The role of in-
flammatory mediators in epileptogenesis has received increasing
attention lately.>

VBM also detected relative increases in gray matter volume in
patients compared with control participants. Most of these in-
creases occurred superficially in the pial or subpial area. A possible
explanation for these findings is residual focal thickening of the
meninges after BM or small subpial lesions that escaped visual
detection by the radiologists. In particular, this effect is plausible
for the brain stem and the subpial and ventricular regions.

Study Limitations

The present cohort of 41 consecutive patients was of moderate
size for a VBM study. Thus, we could not infer that regions not
showing significant differences were unaffected. To control the
problem of multiple comparisons, we applied strict error correc-
tion both for the VBM as well as for the atlas-based analysis. The
group size also did not allow a valid subgroup analysis concerning
the bacterial species. Also, the control group of 12 patients was
relatively small. However, the observed volumetric loss was con-
sistent between the VBM and atlas-based method and was com-
patible with previous findings in animal models.”'*> Unfortu-
nately, because of a replacement of our MR imaging scanner, the
cohort could not be increased further because pooling of data
between different MR imaging scanners for VBM analysis is chal-
lenging and can result in significant bias.*

CONCLUSIONS

BM survivors with a normal conventional MR imaging result
show distinct gray matter atrophy in the limbic areas, with a focus
on the mesial temporal region. This volume reduction is in accor-
dance with histopathologic evidence in BM models and human
autopsy cases. Moreover, the similarity of the observed atrophy



may point to a causal link between BM and mesial temporal
epilepsy.
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