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Identification of
Staphylococcus aureus Brain
Abscesses: Rat and Human
Studies with 1H MR
Spectroscopy1

PURPOSE: To determine the feasibility of a statistical classification strategy (SCS)
and the identity of metabolites of bacterial and host origins that potentially con-
tributed to the most discriminatory regions of magnetic resonance (MR) spectra
from Staphylococcus aureus abscesses of biopsy material from controls, gliomas, and
staphylococcal abscesses.

MATERIALS AND METHODS: Human and animal study received ethics committee
approval, and informed patient consent was obtained. A rat model of S aureus brain
abscess was developed. Histologic and microbiologic examination was performed to
assess abscess development 3–4, 6–8, and 10–15 days after initiation. Metabolite
profiles in pus (n � 62) and controls (n � 37) were characterized with ex vivo MR
spectroscopy and compared with data from rat gliomas (n � 27). SCS, optimal
region selection, and development of pairwise classifiers allowed MR spectra of
abscesses (n � 42, day 6–8) to be distinguished from those of glioblastoma
multiforme and controls. MR spectroscopy profiles of pus from animal abscesses
were compared with in vivo MR spectra from patients with staphylococcal brain
abscesses (n � 7, aged 6–67 years) and ex vivo pus MR spectra from patients with
S aureus abscesses.

RESULTS: Histologically confirmed abscesses were present 6–8 days after stereo-
tactic injection of S aureus in 42 of 47 rats (89%). MR spectra of abscesses and
glioblastoma multiforme in the animal model were similar. Typical metabolites of
abscesses due to anaerobe bacteria (acetate, succinate, amino acids) were not
detectable in S aureus abscesses in rats or humans. MR spectroscopic findings from
controls, abscesses, and gliomas were distinguished by means of SCS with an
accuracy of 99%. Analysis of the most discriminatory regions with two-dimensional
correlation spectra indicated that glutamine and/or glutamate and aspartate poten-
tially contributed to successful classification.

CONCLUSION: S aureus is detectable in abscesses with a non–culture-based
method in an animal model.
© RSNA, 2005

In developed countries, brain abscesses occur with an estimated incidence of 0.9 � 105

person-years and a mortality of up to 20% (1). Computed tomographic (CT) and magnetic
resonance (MR) imaging methods have reduced mortality by improving the detection and
localization of brain lesions (2–4). They do not always reliably demonstrate abscesses from
malignant tumors, however, especially glioblastoma multiforme (GBM) (5–8). Typically,
necrotic or cystic tumors and cerebral abscesses show hypointensity on T1-weighted MR
images, hyperintensity on T2-weighted MR images, and perilesional contrast enhance-
ment with gadolinium chelates. The use of diffusion-weighted MR images that show
generally lower apparent diffusion coefficients for abscesses than for GBM appeared
promising (8,9). However, substantial variability in the apparent diffusion coefficients has
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been reported for abscesses (8). A defini-
tive diagnosis is still typically established
by means of culture of bacteria from pus
obtained with neurosurgical biopsy or in-
ferred by means of culture of infected
material from other body sites. Further
reduction of mortality from brain ab-
scesses requires more rapid, accurate, and
safe diagnostic techniques.

MR spectroscopy characterizes living
microbial and mammalian cells by pro-
viding information on their chemical
constituents rapidly and simultaneously.
In vivo MR spectroscopy has been re-
ported to allow the broad group of pyo-
genic abscesses to be distinguished from
malignant gliomas and tuberculoma (5–
7,10–13). On the basis of small numbers,
analysis by means of resonance assign-
ment of one-dimensional MR spectra re-
sulted in a sensitivity of 90% in one study
(13). Acetate, succinate, and amino acids
have been identified in cerebral abscesses
in humans and were used as bacterial
marker metabolites for noninvasive diag-
nosis by means of MR spectroscopy (5–
7,10–13). Bacterial metabolism is diverse,
however, and microaerophilic bacteria
such as microaerophilic bacteria like
Streptococcus milleri and Staphylococcus au-
reus do not produce metabolites distinct
from those of diseased or normal mam-
malian tissue in quantities that are de-
tectable in vivo with MR spectroscopy
(10).

A recent study demonstrated that sub-
division of MR spectra from abscesses ac-
cording to some causes (tuberculosis, ab-
scesses containing anaerobic bacteria,
and other abscesses) was possible (7).
However, spectral patterns recorded for
GBMs and abscesses caused by mi-
croaerophilic bacteria were similar (6,7).
For these abscesses, distinction was not
possible by means of operator-based
analysis.

S aureus is the cause of 10%–31% of
cerebral abscesses (2,4,14–16). Early
identification of S aureus is important,
since clinical progression is usually rapid,
and empirical antimicrobial therapy may
not include first-line antistaphylococcal
drugs. On the basis of current data, rapid
identification of this subset of abscesses
with in vivo MR spectroscopy is not pos-
sible.

Multivariate analysis and pattern rec-
ognition techniques demonstrate differ-
ences in gross spectral characteristics of
data from biologic samples without the
need to identify individual compounds
and are more sensitive than operator-
based analysis (17–20). A statistical clas-
sification strategy (SCS) was developed

for analysis of complex spectra to diag-
nose cancer, organ rejection, and specia-
tion of microbial pathogens (17,21–23).

By using a rat animal model, we aimed
to test the feasibility of SCS for MR spec-
tra to distinguish between abscesses
caused by microaerophilic bacteria and
GBM. We also aimed to determine the
metabolites of bacterial and host origins
that potentially contribute to the most
discriminatory regions in MR spectra of
biopsy material from normal brain and
GBM and staphylococcal abscesses for
distinction between these three groups.

MATERIALS AND METHODS

Cell Culture

Five clinical isolates of S aureus (97–
230-1053, 98–281-2429, SA5, and SA7,
Centre for Infectious Diseases and Micro-
biology, Westmead Hospital, New South
Wales, Australia; and ATCC 25923,
American Type Culture Collection, Man-
assas, Va) were cultured in vitro. The
identity of isolates, which were all coag-
ulase positive (using rabbit or human
plasma) and DNase (ie, deoxyribonucle-
ase) positive, was confirmed with the API
ID32 staph test (BioMerieux, Marcy
l’Etoile, France).

Isolates were plated onto 5% horse
blood agar (Amyl Media, Sydney, New
South Wales, Australia) and incubated
for 24 hours in 5% CO2 at 37°C. A single
colony was subcultured on horse blood
agar or in trypticase soy broth (25 mL,
Difco Labs, Detroit, Mich) and incubated
for 24 hours at 30°C or 37°C. The effect of
different culture media and incubation
temperatures on metabolite profiles was
studied. These included the following:
horse blood agar (30°C and 37°C); brain
heart infusion broth (Difco Labs; 30°C
and 37°C, standard conditions and strict
anaerobic conditions); 1% (wt/vol) isovi-
talex, 2% (wt/vol) hemin, and 10
mmol/L glucose (Sigma Chemical, St
Louis, Mo) in Dulbecco phosphate-buff-
ered saline (Difco Labs; at 37°C); and
trypticase soy broth (37°C).

For animal experiments, a single col-
ony was inoculated into trypticase soy
broth (25 mL) and incubated for 20–24
hours at 37°C. Bacteria were washed and
resuspended at a final concentration of
107 colony-forming units per milliliter ei-
ther in phosphate-buffered saline or, for
MR spectroscopy, in phosphate-buffered
saline made up with 99.5% deuterium
oxide (Australian Nuclear Science and
Technology Organization, Lucas Heights,
New South Wales, Australia).

Animal Studies

Rats were anesthetized by means of in-
halation of 2% halothane (May & Baker,
Degenham, England) in 100% oxygen
(medical grade, Commonwealth Indus-
trial Gases, North Ryde, Australia), fol-
lowed by intraperitoneal injection of ket-
amine (11.6 mg per kilogram of body
weight, Apex Laboratories, Sydney, New
South Wales, Australia) and xylazine (1.2
mg/kg, Apex Laboratories). The head was
immobilized in a stereotactic frame
(David Kopf Instruments, Tajunga, Calif)
fitted with a 10-�L Hamilton syringe (Sci-
entific Glass Engineering, Ringwood,
New South Wales, Australia) and a flat-
ended 30-gauge needle. The lateral and
anteroposterior stereotactic coordinates
for injection were 3.0 mm lateral and 2.4
mm anteroposterior relative to the “ear-
bar zero” (where the ear-bar functioned
as the reference point “zero”). Optimal
parameters for the development of brain
abscesses, including choice of strain of
rat (Fisher 344, n � 92; Wistar, n � 12;
and Sprague-Dawley, n � 6); strain of S
aureus; volume, depth, and speed of in-
jection; and inoculum size were estab-
lished in preliminary experiments. The
Fisher 344 rat strain was chosen for sub-
sequent experiments, since abscess for-
mation was similar in Fisher 344 and
Wistar rats but less reliable in Sprague-
Dawley rats. Animal experimentation
was performed according to the Austra-
lian National Health and Medical Re-
search Council Guidelines and with eth-
ical approval from the University of Syd-
ney Animal Ethics Committee.

Sixty-seven female Fisher 344 rats
(weight, 150–250 g; Animal Research
Council, Perth, Western Australia, Aus-
tralia) were treated according to an opti-
mized protocol and included in the MR
spectroscopy study. They were infected
with S aureus strain 97–230-1053, a clin-
ical isolate from a brain abscess. A small
skin incision was made, and a 2-mm burr
hole was drilled through the skull. Five
microliters containing 107 colony-form-
ing units of S aureus was injected slowly
at a depth of 3.0 mm below the dura. The
needle was withdrawn over 5–8 minutes
to minimize reflux of bacteria. Lesion de-
velopment was monitored 3–4 days (n �
10), 6–8 days (n � 47), and 10–15 days
(n � 10) after injection by means of his-
tologic examination. Additional controls
included saline-injected rats (n � 30) and
untreated animals (n � 8). Surgical pro-
cedures were performed by an author
(R.A.), who was assisted by a technician
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under the supervision of a veterinarian
(R.M.).

Rats were euthanized by means of CO2

inhalation. The brain was removed and
cut transversely at the site of injection
(performed by R.A. and the technician
under the supervision of R.M.). One half
was used for MR spectroscopy, and the
other half was used for confirmation with
histopathologic examination. For his-
topathologic study, brains were fixed in
formalin–acetic acid–alcohol, processed,
and stained with hematoxylin-eosin or
picric acid (Sigma Chemical, St Louis,
Mo) and Gram stain procedure. Lesion
size, presence, and relative number of mi-
croorganisms and type of cellular infiltra-
tion were evaluated independently by
means of microscopy of stained tissue
sections (R.M., T.C.S.). Culture of pus was
performed in the Clinical Microbiology
laboratory at the Institute for Clinical Pa-
thology and Medical Research, West-
mead Hospital, and all cases yielded a
heavy growth of S aureus.

Human Studies

In vivo MR spectroscopy was per-
formed in seven human subjects with S
aureus brain abscesses, who met the selec-
tion criteria and had been selected over a
period of 2 years between January 2001
and December 2002 (Table 1). Selection
criteria were the following: (a) A heavy,
pure growth of S aureus was observed
from pus obtained within 2 days of the
MR examination; (b) patients had not re-
ceived antibiotics for longer than 2 days
at the time of the MR examination; and
(c) abscesses were large enough (at least 2
cm in diameter) to place the volume of
interest in the middle of the abscess with
minimal “contamination” from sur-
rounding brain tissue.

Ten patients from Westmead Hospital
who had cystic GBM were selected ran-
domly for comparison (five women and

five men, aged 57–78 years). Standard T2-
weighted MR images were used for place-
ment of the volume of interest. Cerebral
MR imaging was performed with 1.5-T
MR systems (Magnetom, Siemens, Erlan-
gen, Germany; and Signa LX, GE Medical
Systems, Milwaukee, Wis) by using a cir-
cularly polarized head coil. Standard T1-
and T2-weighted MR images were ob-
tained in three orthogonal planes. MR
images were interpreted by radiologists
with more than 15 years of experience in
brain MR imaging in their respective hos-
pitals (R.K.G. in Lucknow, India; and
L.G. in Sydney, New South Wales, Aus-
tralia). Lesions were hypointense on T1-
weighted MR images and hyperintense
on T2-weighted MR images and showed
perilesional contrast enhancement after
administration of gadolinium chelate.
Diffusion-weighted MR images were ac-
quired from two patients with S aureus
abscesses by using diffusion gradient
strength ranging from 0 to 1.5 � 10�4

T/cm with increments of 0.25 � 10�4

T/cm.
MR spectroscopy was performed in

conjunction with MR imaging. The vol-
ume of interest (6–10 cm3) was centered
on the lesion. Single-voxel hydrogen 1
(1H, or proton) MR spectra were obtained
by using a stimulated-echo acquisition
sequence (repetition time msec/echo
time msec, 1500/20, 30 [in Westmead
Hospital], 128 signals acquired, 3.13-
minute acquisition time) and a long-
echo-time point-resolved MR spectros-
copy sequence (1500/135, 256 signals ac-
quired, acquisition time of 6 minutes 31
seconds). The water signal was sup-
pressed by using frequency-selective sat-
uration pulses. Free-induction decays
were zero-filled to 4096 data points and
multiplied with an exponential window
function (center, 0 msec; half-width, 150
msec) before Fourier transformation.
Zero-order phase correction and polyno-

mial baseline correction were applied to
all spectra. Signal assignment was based
on ex vivo MR spectroscopy and pub-
lished data (5,6,11,24).

Patient studies were performed accord-
ing to the Australian National Health and
Medical Research Council Guidelines
and with ethical approval from the local
Human Ethics Committee (University of
Sydney, Australia, and Sanjay Gandhi
Post-graduate Institute of Medical Sci-
ences, Lucknow, India). Informed con-
sent was obtained after the nature of the
procedure had been fully explained.

MR Spectroscopy of Cell
Suspensions and Pus

S aureus suspensions in 500 �L of
phosphate-buffered saline made up in
deuterium oxide were transferred to a
5-mm MR tube (Wilmad Glass, Buena,
NJ). Frozen tissue and/or pus samples
were thawed and suspended with 0.15
mL of phosphate-buffered saline made
up in deuterium oxide in susceptibility-
matched MR tubes (Shigemi, Tokyo, Ja-
pan).

Pus was collected from all animals that
developed S aureus abscesses following
the use of the optimized injection proto-
col. Tissue blocks from the affected cere-
bral hemispheres, containing 0.05–0.20
mL of pus, were suspended in phosphate-
buffered saline and made up in deute-
rium oxide, snap-frozen in liquid nitro-
gen, and stored at �70°C for no more
than 3 months before MR spectroscopic
analysis. Tissue samples from control an-
imals were obtained from 29 animals
from the saline injection site 4–6 days
after injection (one had died postopera-
tively) and from the brains of eight un-
treated animals. Control samples were
snap-frozen and stored as for pus sam-
ples.

Pus was collected from human subjects
(aged 17–73 years) with abscesses in var-
ious body sites at Westmead Hospital
over the 2-year period. Only pus samples
yielding a heavy, pure growth of S aureus
were studied with MR spectroscopy (12
samples; brain, n � 4; surgical wounds,
n � 3; and pelvis, n � 5). Pus was cultured
and bacteria identified by the Clinical
Microbiology laboratory at the Institute
for Clinical Pathology and Medical Re-
search, Westmead Hospital. Pus was col-
lected prior to or within 48 hours of ini-
tiation of antibiotic therapy, snap-frozen
in liquid nitrogen within 5 minutes, and
stored at �70°C for up to 3 months, until
required.

Ex vivo 1H MR spectra from the animal

TABLE 1
Patient Details for Cerebral Abscesses Caused by S aureus

Patient No./
Age (y)/Sex

Lesion Size
(cm3) Lesion Location Patient Location

1/67/F 24 and 7 Temporal and occipital lobes Sydney, Australia
2/53/F 10 Frontal lobe Sydney, Australia
3/10/M 15 Frontal lobe Lucknow, India
4/18/F 18 Temporal lobe Lucknow, India
5/23/M 24 Frontal lobe Lucknow, India
6/6/M 9 Frontal lobe Lucknow, India
7/13/F 16 Cerebellum Lucknow, India

Note.—The volume of interest was placed in the center of the lesion on MR images. The size of the
volume of interest was adjusted to the size of the lesion to avoid partial volume effects.
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and human pus samples were obtained
(U.H.) at 37°C with an Avance 360-MHz
spectrometer (Bruker Biospin, Rheinstet-
ten, Germany) equipped with a 5-mm
{1H, carbon 13 [13C]} inverse dual-fre-
quency probe. Residual water signal was
suppressed by means of selective excita-
tion by using pulse field gradients (25).
Chemical shifts were referenced to exter-
nal sodium 3-(trimethylsiyl) propane sul-
fonate at 0.00 ppm or internal water
(4.65 ppm). One-dimensional spectra
were acquired with a spectral width of 10
ppm by using 8192 data points. Free in-
duction decays were averaged over 128
accumulations. A relaxation delay of 1
second was allowed, resulting in a repe-
tition time of 2.14 seconds. An exponen-
tial function was applied prior to Fourier
transformation, resulting in a line broad-
ening of 1 Hz for 1H MR spectra of cell
cultures and 3 Hz for those of ex vivo
tissue and/or pus.

Signal Assignment

Resonances were assigned by means of
comparison with published data (5,6,8,
21,23,26) and analysis of {1H, 1H} corre-
lation spectroscopy, {1H, 13C} hetero-
nuclear single quantum coherence, and
{1H, 13C} heteronuclear multiple bond
correlation spectra (U.H.).

Because of time constraints for the ac-
quisition of two-dimensional correlation
spectra and visual similarity between all
one-dimensional MR spectra in the re-
spective sample groups, signal assign-
ment was confirmed for arbitrarily cho-
sen samples, for which sufficient sample
material was collected (volume � 10 �L)
that was adequate for the acquisition of
two-dimensional correlation spectra (cell
suspensions, n � 4; animal pus, n � 16;
and human pus, n � 4). The human sam-
ples included those from the two patients
at Westmead Hospital with brain ab-
scesses studied with in vivo MR spectros-
copy, one from a surgical wound, and
one pelvic abscess. Standard Bruker pulse
sequences were used. The {1H, 1H} gradi-
ent correlation spectroscopy experiments
were reconstructed in the magnitude
mode. A total of 2048 data points were
collected in the t2 time domain over a
spectral width of 10 ppm. The evolution
time (t1) was incremented to obtain 256
free induction decays, each acquired with
8–16 transients. The repetition time was
1.6 seconds. Sine-bell functions were ap-
plied in the t1 dimension, and Gaussian-
Lorentzian functions were applied in the
t2 dimension. Zero-filling was used to ex-

pand the data matrix to 1024 in the t1
dimension.

The {1H, 13C} one-bond shift correla-
tion spectra were obtained in the 1H
detection mode by using a gradient het-
eronuclear single quantum coherence
pulse sequence (27). Heteronuclear sin-
gle quantum coherence spectra were ac-
quired for some samples to confirm the
signal assignment from correlation spec-
tra and to assign signals without proton-
proton coupling, unequivocally. The 1H
MR spectral width was 3600 Hz, and the
13C MR spectral width was 15 000 Hz. 13C
MR decoupling during acquisition was
achieved with the GARP-1 sequence (28).
The evolution time (t1) was incremented
to obtain 256 free induction decays, each
having 64 transients and consisting of
2048 data points. The repetition time was
1.6 seconds. A sine-bell function was ap-
plied in the t2 dimension, and a Gauss-
ian-Lorentzian function was applied in
the t1 dimension. Zero-filling to 1024 was
used in the t1 dimension prior to Fourier
transformation. The {1H, 13C} hetero-
nuclear multiple bond correlation spec-
tra were acquired without proton decou-
pling by using the same parameters as for
the heteronuclear single quantum coher-
ence experiments, except for a 13C spec-
tral width of 20 kHz. One-bond and long-
range correlation experiments were opti-
mized for 1JC,H of 130 Hz and nJC,H of 7
Hz, respectively.

SCS
1H MR spectra from controls, abscess

material (obtained 6–8 days after injec-
tion), and glioma were used to develop
diagnostic classifiers (R.L.S., B.D.). The
MR spectra from the rat gliomas were
acquired previously from qualitative re-
sults published in reference 26. Pairwise
classification was performed as described
previously (17,21–23). In brief: Magni-
tude MR spectra were normalized to the
total integral between 0.35 and 4.0 ppm,
which contains 1500 data points. The
normalized spectra were analyzed by a
genetic algorithm–based optimal region
selector to identify two to three maxi-
mally discriminatory subregions by using
first derivatives or rank-orders of first de-
rivatives of the MR spectra (29). By using
these regions, pairwise linear discrimi-
nant analysis–based classifiers were de-
veloped. The robustness of the classifiers
was tested by means of bootstrap-based
cross-validation by randomly selecting
half of the spectra to develop the classi-
fier and the remaining half to test the
classifier (30). This process was repeated

1000 times with random replacements.
The final classifier was the weighted out-
put of the 1000 different optimized clas-
sifier coefficient sets. The classifiers
yielded probabilities of class assignments
for the individual spectra. Class assign-
ment was called crisp if class probabilities
were larger than 0.75 (17). Software de-
veloped in-house was used for all steps of
the SCS (IBD; NRC Canada, Winnipeg,
Manitoba, Canada), as described else-
where (17,29).

RESULTS

Cell Suspensions

Typical MR spectra from S aureus cell
suspensions were identical for the five iso-
lates and are shown in Figure 1. The major
metabolites are summarized in Table 2.

One-dimensional 1H MR spectra from
horse blood agar plate cultures were
dominated by glycine betaine, which ac-
counted for 20%–40% of the total inte-
gral. Other resonances arose from lactate
(1.31 ppm), glycerophosphocholine (3.23
ppm), choline (3.20 ppm), and amino
acid residues (glutamine and/or gluta-
mate, lysine, alanine, leucine, aspartate
and/or asparagine, and isoleucine). The
acetate resonance was not uniformly
present and was always below 2% of the
total integral. Metabolite profiles varied
with the growth medium. Lactate was
the main metabolite in liquid media
cultured under anaerobic conditions
(Fig 1, Table 2).

Rat Model

Reproducible circumscribed lesions de-
veloped in 56 of 67 rats (84%) injected
with S aureus cell suspensions, according
to the optimized protocol. After 3–4
days, ill-defined 1–3-mm-diameter hem-
orrhagic brain lesions containing Gram-
positive cocci were present in eight of 10
animals. After 6–8 days, circumscribed
lesions (2–6 mm) containing pus and
Gram-positive cocci were present in 42 of
47 animals (89%). After 10–15 days,
smaller abscesses (1–4 mm) with well-
developed fibrous walls were noted in six
of 10 animals.

None of 30 saline-injected animals de-
veloped lesions, though small areas of
hemorrhage were found in three, and
one died of complications of anesthesia.

Rat Biopsies

Representative 1H MR spectra from
control brain tissue, S aureus brain ab-
scesses at different stages, and glioma are
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Figure 1. Comparison of ex vivo 1H MR spectra from cell cultures of S aureus, animal models, and human pus samples.
One-dimensional 1H MR spectra in phosphate-buffered saline made up with deuterium oxide at 360 MHz were obtained from
rat brain biopsy and/or pus samples. A, Spectrum from saline-injected controls. B, Spectrum from S aureus brain abscess after
3 days. C, Spectrum from S aureus brain abscess after 8 days. D, Spectrum from S aureus brain abscess after 14 days. E, Spectrum
from GBM. F, G, Spectrum from cell suspensions of S aureus from horse blood agar cultures (aerobic, F) and trypticase soy
broth cultures (anaerobic, G). H, Spectrum from human pus from an abdominal S aureus abscess. I, Spectrum from human pus
from a cerebral S aureus abscess. AA � amino acid residues; ac � acetate; bet � glycine betaine; glc � glucose residues; inos �
myo-inositol; lac � lactate; lip � triglycerides; lys � lysine; NAA � N-acetylaspartate; N(CH3)3 � choline-containing com-
pounds and glycine betaine; NCH2 � creatine, phosphocreatine, lysine; tau � taurine.
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shown in Figure 1. Metabolites identified
with two-dimensional correlation spectra
(Fig 2) are summarized in Table 2.

Spectra from controls contained reso-
nances from N-acetylaspartate, creatine,
phosphocreatine, �-amino butanoic acid,
choline-containing metabolites, myo-inosi-
tol, and amino acid residues (glutamic
acid/glutamine, lysine, alanine, leucine,
threonine), and they resemble those
from previous studies (24). Lactate reso-
nances of variable but relatively low in-
tensity were found at 1.3 ppm, resulting
from anaerobic metabolism occurring in
the time between excision and freezing.

Three stages of abscess development,
designated early (stage I), intermediate
(stage II), and late (stage III), were evident
at histopathologic examination and in
the MR spectra. Compared with normal
brain, stage I was characterized by a mar-
ginal increase in the choline-to-creatine
resonance ratio (3.2:3.0 ppm) and a de-
crease of the ratio of N-acetylaspartate to
creatine (2.0:3.0 ppm). The lactate-to-cre-
atine ratio (1.3:3.0 ppm) was increased in
all cases. Lipid resonances were apparent
in some spectra. MR spectra from stage II
showed a marginal increase in the 3.2:
3.0-ppm ratio of 20%–30% (1.2 � 0.5)
and absence of N-acetylaspartate reso-
nances. Taurine resonances were in-
creased. Lipid signals were present in all
stage II spectra and dominated them in
three. In the other stage II spectra, the
most intense resonance at 1.3 ppm arose
from lactate, which, compared with stage
I, was increased in relative intensity.
Low-intensity acetate resonances were
seen in nine of the 42 spectra. Spectra
from stage III were dominated by lipid
resonances. N-acetylaspartate was absent
in all cases. The 3.2:3.0-ppm ratio was
similar to stage I and II in four samples
and was not detectable in the remaining
cases. Taurine and amino acid residues
were present in all samples. These in-
cluded alanine, lysine, glutamine and/or
glutamate, asparagine/aspartate, leucine,
isoleucine, valine, and threonine. They
were of marginally higher relative inten-
sity than in MR spectra from controls and
glioma (see also results in reference 26).

Two-dimensional correlation spectra
confirmed that the increase of the 3.2:
3.0-ppm resonance ratio in spectra from
abscesses compared with controls was
due to a combination of increased
amounts of taurine and phosphocholine.
The presence of glycine betaine was con-
firmed in only four of 16 heteronuclear
single quantum coherence and hetero-
nuclear multiple bond correlation spec-
tra (three stage II and one stage III).
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SCS

Rank-order first derivatives of MR spec-
tra from rat abscesses after 6–8 days (n �
42), saline-injected and noninjected con-
trol animals (n � 37), and rat gliomas
reported in a previous study (n � 27) (26)
were classified according to SCS, which is
based on identification of the most dis-
criminatory regions of the MR spectra by
the optimal region selector, followed by
pairwise linear discriminant analysis clas-
sification (Table 3). Crisp classification

with high accuracy was obtained, indi-
cating separation between the three
groups. Although the metabolite profiles
from glioma and S aureus abscesses ap-
peared similar, an overall crispness of
classification of 96% and accuracy of
99% was achieved. Spectral regions iden-
tified by genetic algorithm–based opti-
mal region selection and used for the
classifications are shown in Table 3. The
most discriminatory regions for S aureus
abscesses versus glioma were at 2.18–2.25

ppm (lipid, glutamine and/or glutamate)
and 2.64–2.74 ppm (asparagine/aspar-
tate). For S aureus abscesses versus normal
brain tissue, they were at 1.33–1.41 ppm
(most likely due to increased lipid and
lactate in S aureus abscesses) and 1.94–
2.01 ppm (most likely due to decreased
N-acetylaspartate and increased glu-
tamine and/or glutamate levels in S au-
reus abscesses).

An independent test set containing MR
spectra of control tissue (n � 5), glioma

Figure 2. Confirmation of the resonance assignment of pus from an S aureus abscess in a rat (after 8 days). A, One-
dimensional 1H MR spectrum. B, Spin-echo spectrum (echo time, 30 msec). C, Spin-echo spectrum (echo time, 135 msec).
D, Two-dimensional {1H, 1H} correlation spectrum. E,{1H, 13C} Heteronuclear single quantum coherence spectrum (optimized
to 1JC,H � 130 Hz). Labeled cross-peaks refer to bet � glycine betaine, gly � glycerol residue, lac � lactate, lip � triglycerides,
lys � lysine, and tau � taurine. All other labels refer to amino acid residues, abbreviations of which are expanded in the
caption of Figure 1.
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(n � 6), and abscess (n � 6) was compared
against the classifiers; this resulted in cor-
rect classification except for one glioma,
which was classified as indeterminate.

Human MR spectroscopic Studies

Figure 3 shows MR images and spectra
from patients with S aureus brain abscess.
MR spectra from patients with S aureus
abscesses were compared with represen-
tative spectra from cystic GBM (Fig 3).
Control MR spectra from the contralat-
eral hemisphere of patients with staphy-
lococcal abscesses were normal for the
location of the lesion and age of the pa-
tients (data not shown) (31). MR spectra
from all seven staphylococcal abscesses
lacked N-acetylaspartate and were domi-
nated by resonances from lipids and lac-
tate, similar to spectra from patients with
GBM (Fig 3) (31,32). The presence of lac-
tate was confirmed with phase inversion
in MR spectra acquired with an echo time
of 135 msec. No resonances from cho-
line- or creatine-containing metabolites
were present in five of the seven S aureus
abscess spectra, and in two, the choline-
to-creatine ratio was increased margin-
ally (1.1 and 1.3, respectively). No reso-
nances arising from acetate, succinate, or
amino acid residues were detected, in
contrast to spectra from mixed anaerobic
bacterial abscesses (5–7,11).

Diffusion-weighted MR images from
two of the seven patients resulted in ap-
parent diffusion coefficients of 0.65 and
1.31 � 10�3 mm2 � sec�1.

Human Pus Samples

MR spectra from human pus samples
are shown in Figure 1, and results are
summarized in Table 2. The metabolite
profile was independent of collection site
(brain, n � 4; surgical wounds, n � 3;
and pelvis, n � 5). All MR spectra were
dominated by lipid and lactate signals.

Resonances from amino acid residues
(alanine, asparagine and/or aspartate,
isoleucine, glutamine and/or glutamate,
leucine, lysine, valine, threonine) were of
low and variable relative concentration
(Table 2). Small amounts of acetate were
detected in six of the 12 samples. Taurine
was identified in all samples and con-
firmed by means of {1H, 1H} correlation
MR spectroscopy (3.28–3.50 ppm). Gly-
cine betaine was confirmed in five sam-
ples by using heteronuclear single quan-
tum coherence and heteronuclear multi-
ple bond correlation spectra. These MR
spectra resembled those of the pus from
stages II to III of the rat brain abscesses
(Fig 1). MR spectra of the four samples
collected from S aureus brain abscesses
were analyzed by the SCS classifiers de-
veloped from the MR spectra of the ani-
mal models and were classified correctly
as S aureus abscess.

DISCUSSION

A reliable rat model of brain abscess due to
S aureus was developed by using stereotac-
tic intracerebral injection of an isolate of S
aureus obtained from a human brain ab-
scess. Agar beads or other “adjuvants” used
by others in experimental brain abscesses
(33) were not used in our model. Although
this resulted in a marginally lower success
rate, the histologic appearance and size of
the abscesses were similar to those reported
previously (33). Importantly, interference
with MR experimental results due to the
adjuvant materials was avoided. Evolution
from an early histopathologic stage of cere-
britis to late mature abscess formation with
central purulent material and a defined
capsule over a period of 15 days was
accompanied by changes in metabolite
profiles in concurrent MR spectra. As with
pus from human staphylococcal abscesses,
MR spectra from mature abscesses in rats

were dominated by lipid and lactate. The
neuronal marker N-acetylaspartate was ab-
sent, and signals from creatine- and cho-
line-containing compounds were much re-
duced, indicating that this experimental
model was representative of human staph-
ylococcal abscesses.

The respective contribution of metab-
olites of bacterial and host origin to the
MR spectra were determined by compar-
ing metabolite profiles of S aureus cul-
tured under reducing conditions (repre-
sentative of the abscess environment)
with those of pus samples from experi-
mental and human brain abscesses. MR
spectra from S aureus cell suspensions
were dominated by glycine betaine, a con-
stitutively expressed osmotic protectant
(34) that was increased under conditions of
increased osmotic stress. Large amounts of
lactate were released into the growth me-
dium under culture conditions similar to
the abscess environment. S aureus is a fac-
ultative anaerobe that produces lactate as
its predominant metabolic end product
(35). Acetate, which is often referred to as a
“marker” metabolite for in vivo diagnosis
of bacterial abscesses at MR spectroscopy
(5–7,10–13), was either absent or present
in only very small amounts.

The metabolite profile of staphylococ-
cal pus from humans and rats was distin-
guished from that of cultured S aureus by
the presence of substantial amounts of
taurine and lipids and relatively little gly-
cine betaine. Lactate resonances were
comparable to those in spectra of S aureus
cultured anaerobically. Lipid resonances
are characteristically present in MR spec-
tra from patients with brain abscesses (5–
7,10). They most likely arise from the
mass of activated and damaged neutro-
phils that comprise virtually all of the
host cells in pyogenic brain abscesses,
since they dominate MR spectra from ac-
tivated (36) and apoptotic (37) neutro-
phils and necrotic tissue (38). Taurine

TABLE 3
Classification of MR Spectra from the Animal Models by Using SCS

Parameter
No. of

Animals
Crisp
(%)* Fuzzy†

Sensitivity
(%)

Specificity
(%)

No. of
Misclassifications

Overall
Accuracy

(%)

Chemical Shift Regions
Identified by the

Optimal Region Selector

S aureus abscess 42 100 0 100 100 0 100 1.33–1.41
Versus control 37 0 0 1.94–2.01

S aureus abscess 42 96 0 98 100 1 99 2.18–2.25
Versus glioma 27 3 0 2.64–2.74

Glioma 27 100 0 100 100 0 100 1.73–1.83
Versus control 37 0 0 3.68–3.72

* See Materials and Methods.
† Refers to samples that were not assigned to one of the classes with a probability of more than 75%.
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was also prominent in spectra of acti-
vated neutrophils; its role is not under-
stood (36). Glycine betaine was abundant
in cultured cells, but in pus samples, at
most, trace amounts were seen.

Abscesses caused by anaerobic bacteria
have been distinguished from those
caused by microaerophilic bacteria (like
S aureus) based on metabolites detect-
able with MR spectroscopy (acetate,
succinate) (7,10). However, the relative
amounts of lipids and lactate, though
derived from different cell types, over-
lapped in MR spectra from staphylococ-
cal abscesses and GBMs. Diagnosis
based on such subjectively selected me-
tabolites or metabolite ratios was not
possible. Indexes often used for inter-

preting clinical MR spectra, such as
choline-to-creatine ratios, were simi-
larly unsuitable because of substantial
overlap between the two categories. In
contrast, pattern analysis by means of a
genetic algorithm–based optimal re-
gion selector, which selects the most
discriminatory regions between the
classes of interest (29), resulted in the
development of successful classifiers.
Resonances in the regions selected by
using the optimal region selector were
assigned by using two-dimensional MR
techniques. These indicated that glu-
tamine and/or glutamate and aspartate
were the compounds most likely re-
sponsible for distinguishing between
GBMs and S aureus abscesses, whereas

lactate was most likely responsible for
successful distinction of GBM and S au-
reus abscesses from normal brain tissue.
SCS has the advantage of objectivity,
sensitivity, and comparison against a
set of classifiers developed from a large
(and hence more representative) data
set for each diagnostic class (17).

Human MR images acquired from S au-
reus brain abscesses and GBMs were not
distinguishable (hypointensity on T1-
weighted MR images, hyperintensity on
T2-weighted MR images, and ring en-
hancement after administration of gado-
linium chelate). Diffusion-weighted MR
images resulted in a relatively wide range
of apparent diffusion coefficients for the S
aureus abscesses, as reported previously (8).

Figure 3. Representative in vivo MR images and spectra from patients with cerebral abscesses caused by S aureus and GBM. MR images and spectra
were acquired with clinical 1.5-T MR imagers from (a) patient 4, (b) patient 5, (c) patient 1, and (d) a patient with a cystic GBM. Transverse
T2-weighted MR images (2200/80) are shown in the top row. MR spectra were acquired from the volume of interest centered within the abscess and
outlined on the images. Middle row: stimulated-echo acquisition sequence (3000/20 or 30). Bottom row: point-resolved MR spectroscopy sequence
(3000/135). Volume of interest, 8–12 cm3.
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This is most likely due to variability in the
viscosity of the abscess fluid, depending on
the age of the abscess. Although apparent
diffusion coefficients are in most cases
lower in GBMs than in abscesses (8,9), this
finding is not specific and does not allow
different etiologies to be distinguished.

Although the classification of MR spec-
tra from pus of staphylococcal abscesses
and GBM in an animal model was suc-
cessful, the results are not directly trans-
latable to in vivo diagnosis in humans.
More in vivo MR spectroscopy data from
S aureus abscesses are required for the de-
velopment of reliable SCS classifiers. Sys-
tematic collection of spectra from clinical
cases is slow because of the relatively
small number of cases.

MR spectra obtained in vivo from S au-
reus brain abscesses were dominated by res-
onances from lipids and lactate and resem-
bled spectra of GBM. Typical features of
MR spectra from anaerobic bacterial ab-
scesses, such as succinate or acetate and
increased amino acid resonances (5–7,10),
were absent. Thus, interpretation of in vivo
MR spectra by means of resonance assign-
ment could allow us to distinguish be-
tween abscesses due to S aureus and those
where anaerobic bacteria are present, but
not between S aureus abscesses and GBM.
The success of the SCS on MR spectra from
pus to distinguish between GBM and S au-
reus abscess in rats and the similarity of
human ex vivo and in vivo MR spectros-
copy data from abscesses are promising for
diagnostic applications. It now remains to
be seen if adequate numbers of in vivo MR
spectra from patients with S aureus ab-
scesses can be collected to develop robust
classifiers.

If so, cerebral S aureus abscesses might no
longer be mistaken for malignancies, as is
currently the case by using conventional
imaging modalities. An early and correct
diagnosis will reduce the high morbidity
and mortality rates that occur when diag-
nosis is delayed. Introduction of in vivo
MR spectroscopy as a noninvasive method
of diagnosis of infective lesions in the brain
will reduce the risk and expense of unnec-
essary surgery or biopsy and expedite pa-
tient treatment decisions.
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