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This study examined brain functioning in pa-
tients with Lyme encephalopathy. Eleven patients
underwent neuropsychological tests and Xe-
non133-regional cerebral blood flow (rCBF) stud-
ies, using an external detector system. Each rCBF
scan was age- and sex-matched to two archival,
normal controls. While few differences were noted
on gray-matter flow indices (ISI, fg), Lyme pa-
tients demonstrated significant flow reductions in
white matter index (k2) (p�.004), particularly in
the posterior temporal and parietal lobes bilater-
ally (p�.003). Flow reductions in white matter
areas were significantly associated with deficits in
memory (r�.66, p�.027) and visuospatial orga-
nization (r�.62, p�.041). Results suggest that
Lyme encephalopathy may be a disease primarily
affecting the cerebral white matter.
(The Journal of Neuropsychiatry and Clinical

Neurosciences 2003; 15:326–332)

Caused by the tick-borne spirochete Borrelia burgdor-
feri, Lyme disease presents early as a flu-like illness

that follows an erythema migrans rash. The disease
presents later as a multisystem ailment that affects the
joints, heart, muscles, and peripheral and central ner-
vous system (CNS).1 A mild to severe encephalopathy
is most common among patients who have persistent
neurologic symptoms following infection with Borrelia
burgdorferi. Encephalopathy in these patients is charac-
terized by disturbances in memory, attention, verbal flu-
ency, and processing speed, and it is often accompanied
by irritability, fatigue, sensory hyperacuities, and sleep
disturbance.2,3 Despite the marked disability associated
with Lyme encephalopathy, little is known about
whether the disease process affects primarily the cortical
gray, subcortical gray, or cerebral white matter.
Although patients who have early central neurologic

involvement usually show evidence of cerebrospinal
fluid (CSF) abnormalities, as many as 20%–40% of pa-
tients with this particular manifestation of encephalop-
athy have no detectable spinal fluid abnormalities on
routine analysis,4 despite active CNS infection. Mag-
netic resonance imaging (MRI) scans reveal punctate
white matter lesions on T2 weighted images in approx-
imately 50%–70% of the cases with Lymemeningitis, en-
cephalitis, or encephalomyelitis;5,6 but the rate drops to
15%–40% of patients with Lyme encephalopathy.7,8 Low
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sensitivity of the CSF analysis and MRI scan in patients
with chronic Lyme encephalopathy makes it difficult for
the clinician who is seeking to distinguish cognitive
problems that are secondary to a primary psychiatric
disturbance from cognitive problems due to Lyme dis-
ease. Such a distinction is of critical importance in guid-
ing the course of future treatment.
Since regional cerebral blood flow (rCBF) has been

shown to be useful as a measure of global and focal flow
deficits in Alzheimer’s disease,9,10 major depressive dis-
order,11 multi-infarct dementia, and Pick’s disease,12 we
explored the hypothesis that rCBF assessments might
also be useful in furthering our understanding of the
pathophysiological effects of Lyme disease on the brain.
Subsequently, three specific questions were raised. First,
do the perfusion patterns of patients with cognitive
symptoms and a history of Lyme disease differ from
age- and sex-matched controls? Second, if a perfusion
deficit is observed, is it focal, or is it distributed more
diffusely in the cerebral gray or white matter? Third, is
there a correlation between neuropsychological deficits
on objective testing and rCBF measures?

METHODS

Institutional review board approval was obtained for
this study. All patients gave written informed consent.

Patients
Subjects with persistent cognitive problems after at least
4 weeks of IV antibiotic therapy for Lyme disease were
recruited. All patients also were required to meet the
following criteria: 1) exposure to a Lyme endemic area;
2) a history of physician-diagnosed erythema migrans
and/or a positive serologic test for Lyme disease; 3) a
history of clinical symptoms typical of Lyme disease af-
fecting the cardiac, neurologic, and/or articular systems;
and 4) current objective cognitive impairment. Because
this study was designed prior to the establishment of
the two-tiered serologic testing method recommended
by the Centers for Disease Control (CDC) in 1995, our
serologic criteria consisted of the prior CDC standard of
either a reactive enzyme linked immunosorbent assay
(ELISA) or a reactive Western blot. Patients were con-
sidered to have objective cognitive impairment if they
met any of the following four criteria: 1) a 15-point (1
standard deviation) difference between the Wechsler
Verbal Memory and Verbal Intelligence Quotient (IQ),
between the Wechsler Visual Memory and Verbal (IQ),
or between the Wechsler General Memory and the Total
IQ (n�5);13,14 2) a Buschke Selective Reminding Test To-
tal Recall or a Consistent Long-Term Retrieval score that

was 1.5 SD or more below the published mean for that
individual’s age group (n�7);15 3) a Controlled Verbal
Fluency Test score that was 1.5 SD or more below the
published mean (n�2);16 and/or 4) an inability to com-
plete at least four of six categories on theWisconsinCard
Sort (n�2).17 Despite having received what is generally
recognized as adequate treatment for CNS Lyme Dis-
ease, all patients were considered to have persistent en-
cephalopathy as demonstrated by objective cognitive
impairment.

Controls
From our archival normal control rCBF database, two
age- and sex-matched controls were selected for each
case of Lyme disease. Controls had rCBF studies but not
neuropsychological assessments.

Regional Cerebral Blood Flow Assessment
Regional Cerebral blood flow was assessed using the
133Xe-inhalation technique, with cortical counts ob-
tained from 32 NaI (T1) scintillation detectors (16 per
cerebral hemisphere), with the Novo Diagnostic Sys-
tems Cerebrograph, Model 32c.18 This method has a res-
olution of 26 mm on the cortical surface. All procedures
were performed in a dark, silent room, with the subjects’
eyes closed. All scan data were reviewed for evidence
of movement, respiration, or other artifact, and no sub-
jects were excluded on these grounds. Studies were
completed between 1993 and 1996.
Raw detector counts combined with the input func-

tion were used to generate four flow measures at each
detector site. The first of thesemeasures, the Initial Slope
Index (Model 2 ISI),19,20 is an integrated flow measure
that is influenced most by perfusion of gray matter. The
second and third measures are based on well-estab-
lished four-compartment modeling of flow volumes,
which produce estimates of faster-clearing (fg) and
slower-clearing (k2) compartments.19–22 These compart-
ments are primarily affected by flow to gray matter (fg)
or white matter (k2), respectively.23,24 Because the k2 in-
dex is more susceptible to artifact when overall flow
rates are low, a ratio of fast to slow clearing flows was
also computed (wg). This ratio is less susceptible to dis-
tortion under low flow conditions and can be used to
confirm results obtained for either of the compartment
indices (fg or k2; see 18,24).
Analyses of rCBF data were achieved in two steps. In

the first step, averaged, whole brain flows were evalu-
ated according to the four different CBF parameters: Ini-
tial Slope Index (ISI), fg, k2, and wg. Second, a detector-
by-detector analysis was undertaken. In this analysis,
raw counts at each detector were first “normalized” for
each subject by dividing by the average flow for all de-
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TABLE 1. Sample characteristics

Lyme Patients Controls

N 11 22
Age 44.2�12.4 44.0�12.9
Sex ratio 72.7% Female 72.7% Female
Systolic blood pressure 127.9�13.5 115.9�16.01

Diastolic blood pressure 76.6�4.4 73.4�12.3
Pulse 74.6�12.8 74.2�8.8
End-tidal pCO2 37.4�3.6 39.4�4.2
Hemoglobin 14.2�1.4 13.9�1.2
Perfusion parameters
(Whole brain mean):
Initial slope index (ISI) 55.3�10.8 55.8�7.5
fg 71.3�17.2 76.4�14.5
k2 .11�.02 .11�.02
wg (%) .43�.04 .39�.042

1 t[31]��2.13, p�.041
2 t[31]��2.25, p�.031

tectors (mean flow/32). Normalized detector values
were then used in a repeated measures multivariate
analysis of variance (MANOVA) to compare flow to-
pography between Lyme patients and controls. In the
MANOVA, disease status was the between-subjects
variable, and hemisphere (2 levels) and detector site (16
levels) were the within-subjects variables. An average F
statistic was computed across all variables for each fac-
tor in the MANOVA. Normalized data at individual de-
tectors were compared between groups using t tests if
significant disease-status effects were found in the over-
all MANOVA. This analysis was performed for each of
the four perfusion indices.

Neuropsychological Measures
The assessments included the Weschsler Adult Intelli-
gence Scale (WAIS), theWechsler Memory Scale (WMS),
the Buschke Selective Reminding Test (SRT), the Con-
trolled Verbal Fluency Test, the Wisconsin Card Sort, the
Beck Depression Inventory,25 and the Zung Anxiety
Scale.26 Since no neuropsychological data were available
for controls, patient data were examined for consistency
(e.g., the degree to which performance levels on differ-
ent tests differed) and in comparison to published
norms. Pearson correlations between rCBF data and
neuropsychological performance data were examined.

RESULTS

Subjects
The average age of the 11 Lyme disease patients was
44.2 years (SD 12.4; range 19–63). The duration of symp-
toms was 59.5 months (SD 57.5; range 6–170), and the
length of time since diagnosis was 18.9 months (SD 17.1;
range 2–60). The duration of prior oral antibiotic treat-
ment was 7.9 months (SD 7.3; range 0–19), and the du-
ration of prior IV antibiotic treatment was 2.0 months
(SD 1.1; range 1–4). The symptom history since the onset
of Lyme disease included the following: memory loss
(11/11), excessive fatigue (11/11), sleep disturbance (11/
11), arthralgias (11/11), word-finding problems (10/11),
headaches (9/11), radiculopathy (8/11), irritability and
mood lability (8/11), recalled tick bite (5/11), physician
diagnosed erythema migrans (4/11), and arthritis (4/
11). Five of the 11 patients had had prior spinal taps,
with 3 of the 5 revealing abnormal CSF results (2 ELISA
positive for Borrelia burgdorferi and 1 with elevated pro-
tein). Eight of the 11 had had prior MRI scans, 4 of
whom had abnormal results (one or more white matter
hyperintensities).
Controls and patients had similar mean age, sex dis-

tribution, blood hemoglobin, pulse, and end-tidal pCO2

concentration. The controls differed from patients only
in their systolic blood pressure, with both groups in a
normal range. (Table 1). Exploratory correlational and
covariance analyses were completed using the systolic
blood pressure variable, but it was inconsistently related
to blood flow measures and did not appear to exert any
influence on group rCBF differences.
Regional Cerebral Blood Flow. Patients’ and con-

trols’ mean flows for three rCBF parameters (ISI, fg, or
k2) did not differ significantly, but significant differences
in mean flow for the wg ratio were observed (Table 1).
A higher wg suggests an imbalance between fast and
slow clearing flows that requires further investigation.
Detector-by-detector analyses were then carried out for
each of the four rCBF parameters.
For the ISI measure, no effect was found for disease

status alone (F[1,31] � .001, p�.999), which is consistent
with the global CBF findings. However, a significant
three-way interaction was found for disease status in
hemisphere by detector site (F[15,465]�1.79, p�.033),
indicating that patients and controls differed at specific
detectors within an identifiable hemisphere. Analysis of
individual normalized detector values (ISI parameter)
revealed that patients and controls differed significantly
at only two sites in the left hemisphere. Patients had
lower relative CBF at one anterior, dorsolateral detector
(F2: t[31]�2.11, p�.043), and higher relative CBF at the
most posterior detector in the occipital lobe (O2:
t[31]��2.97, p�.006). This finding must be viewed
with an awareness that, at an alpha level of .05, two of
32 detectors might differ by chance.
A similar omnibus analysis of the fg data produced

no significant differences related to disease status in the
overall MANOVA (for disease status: F[1,31] � .001,
p�.999; for disease status by detector: F[15,465]�1.40,
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FIGURE 1. Relative white matter clearance (k2) in Lyme patients versus controls

Note: Patient flows mapped as a percentage of control flows at each detector site

p�.141; for disease status by hemisphere: F[1,31]�.37,
p�.550; for disease status by detector by hemisphere:
F[15,465]�1.05, p�.403).
Analysis of the k2 data, on the other hand, produced

a significant disease status by detector interaction
(F[15,465]�2.30, p�.004), indicating that patients dif-
fered from controls at specific detector sites bilaterally.
In the analysis of the individual detector sites, patients
showed higher relative white matter CBF at a number
of frontal detectors (F1 on the right: t[31]��2.17,
p�.038; F3 on the left: t[31]��2.41, p�.022); and one
occipital detector (O2 on the left: t[31]��2.43, p�.021).
They had consistently lower CBF at posterior temporal
and parietal detectors (P4 on right: t[31]�2.12, p�.042
and T3 on the left: t[31]�2.59, p�.015). Overall, this
measure of white matter CBF was consistently lower in
posterior temporal and parietal regions on both sides of
the patients’ brain. If relative flows were averaged in
these regions (T3, P1, P2, P3, P4), patients had lower
flows both bilaterally (t[31]�3.20, p�.003) and on each
side of the brain individually (right: t[31]�2.20, p�.035;
left: t[31]�4.15, p � .001). Thus, in the patients’ cortex
there appear to be broad regions in which white matter
CBF was reduced. Patient/control differences in k2 are
illustrated pictorially in Figure 1.
The reduction in slow-clearing flowamong the patients

was confirmed in the analysis of the wg ratio at individ-
ual detector sites, where there was a main effect for dis-
ease status in the overall MANOVA (F[1,31]�5.08, p�
.031). Significant patient/control differences (all t[31] �
2.04, p � .05) are found at 19 of the 32 detector sites (F1,
F2, F3, F4, C1, C2, P1, P2, P3, P4 on right, F1, F3, C1, C2,
T1, T3, P1, P2, P3 on left). All are in the direction of pa-
tients having a higher wg.
Flow deficits do not appear to be a reflection of the

small white matter hyperintensities that were observed
in some subjects on MRI, since a comparison of those

with (n�4) and without (n�4) hyperintensities re-
vealed no differences. Overall, higher wg in patients ap-
pears to reflect a reduction in slow-clearing flows, since
there was no evidence of any elevation in fast-clearing
flows at any detector site. Normalized values of k2 ap-
pear higher in anterior regions, but this appears to be
an artifact of the normalization procedure: when large
areas of cortex are poorly perfused (e.g., posterior re-
gions in patients), relative flow to other areas—as a per-
cent of the total—will be elevated.27

Neuropsychological Findings
On theWAIS-R, the Lyme patients’ IQs fell within a nor-
mal range and were generally consistent (Table 2). Clin-
ically significant reductions in verbal memory were
noted, on both the WMS-R and the Buschke Selective
Reminding Test. For the group as a whole, both Verbal
Fluency and Wisconsin Card Sort performance were
within normal limits.
On the Beck Depression Inventory, the mean of 16.4

(SD 12.8) placed the Lyme patients in the “mild depres-
sion” severity category. Although the majority of pa-
tients had scores consistent with either “none” or “mild”
depression (7/11), two cases had borderline-moderate
depression, and two had more severe depressive scores.
On the Zung Anxiety Index, the mean of 55.6 (SD 11.3)
was consistent with moderate anxiety for the group as
a whole. Two patients had scores indicative of no anxi-
ety, five had scores indicative of minimal to moderate
anxiety, and four had scores consistent with marked to
severe anxiety.
In the analysis of neuropsychological performance

and rCBF, both the Buschke Total score and the Consis-
tent Long Term Retrieval Score, were correlated with
mean flow for k2 (r�.66, p�.027 for Total; r�.68,
p�.022 for CLTR). In other words, improved cognitive
performance was associated with improved white mat-
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TABLE 2. Neuropsychological performance in patients with Lyme disease

Score Z-Score

Wechsler Adult Intelligence scale—Revised
Full scale IQ 102.7�13.5
Verbal scale IQ 103.0�14.1
Performance scale IQ 102.0�14.2

Wechsler Memory Scale—Revised
Verbal memory 90.3�11.01

Visual memory 106.5�15.9
General memory 94.5�10.5
Attention/concentration 108.9�12.4
Delayed memory 93.4�11.3

Buschke Selective Reminding Test (SRT)
Total 106.0�10.5 �1.4�0.92

Long-term recall 77.6�22.6 �2.0�1.42

Long-term storage 89.6�15.1 �1.8�0.92

Consistent long-term retrieval 56.5�21.9 �1.8�0.92

Delayed recall 8.6�2.5 �1.6�1.82

Verbal Fluency (FAS) 49.7�13.2 0.5�1.7
Wisconsin Card Sort (Categories) 4.9�1.9 �0.6�1.9

1 Significantly lower than Verbal IQ (paired-t[10]��2.41, p�.037) and WMS-R Visual Memory (paired-t[10]��2.72, p�.022)
2 Z-score less than �1.5 (below 10th percentile relative to norm)

ter flow. This flow measure was also correlated with the
degree of reduction in WAIS-R Block Design relative to
Vocabulary score (r�.62, p�.041). Correlations with the
averaged bilateral posterior temporal/parietal flow
were similar but did not reach significance. The reduc-
tion inWAIS-R Digit Symbol was, however, significantly
correlated with this k2 measure on the left side (r�.63,
p�.037). Consistent associations were not observed
with the wg measure. However, a trend-level negative
association was noted between rCBF parameters and in-
dices of premorbid intellectual functioning, and lower
global flows were associated with higher estimates of
premorbid intelligence (e.g., ISI mean flow and Verbal
IQ, r��.58, p�.062) and a tendency toward higher lev-
els of education (r��.45, p�.163). Both factors would
attenuate the expression of neuropsychological defi-
cits.28 With a sample this small, there is inadequate
power to statistically control for their effects on perfor-
mance across an entire battery.
Tests scores that correlated with mean flow for k2 were

not associated with either Beck or Zung scores, and nei-
ther the mean flow for k2 nor the average flow to tem-
poral and parietal regions was correlated with the Beck
or Zung scores. If the Beck and Zung scores are partialled
out of the association between test scores and rCBF, sig-
nificant correlations are essentially unchanged.With both
Beck and Zung scores partialled out, the Buschke total
score is correlated with k2 mean flow (rpartial�.68,
p�.042); Block Design deviation from Vocabulary is cor-
related with k2 mean flow (rpartial�.70, p�.036); and
Digit Symbol deviation from Vocabulary is correlated
with left-sided temporal-parietal flow (rpartial�.67,

p�.048). Depression and anxiety do not appear to me-
diate the association between test scores and flow mea-
sures.

DISCUSSION

What is striking in this study is the finding that there is
an alteration of presumed white matter blood flow in
the brains of patients who have chronic Lyme Disease
and complain of cognitive deficits. Each of the 11 pa-
tients in our sample reported ongoing mild to severe
cognitive problems that were confirmed on objective
neuropsychological testing. As a group, when compared
to published norms, the Lyme patients had significant
deficits in verbal memory, which was demonstrated us-
ing both the Wechsler Memory Scale and the Buschke
Selective Reminding Test. Memory deficits such as these
are typically seen in samples of patients with Lyme en-
cephalopathy.2,29

Lyme patients did not differ from controls on the stan-
dard, gray matter-weighted rCBF index, which is the ISI.
However, when CBF was separated into faster-clearing
and slower-clearing components, the patients showed
abnormalities that were restricted to slower-clearing
flows, reflecting diminished white matter perfusion.18

Therefore, Lyme-related perfusion deficits, which were
evident in a large portion of posterior cortex, are more
likely to affect white matter. This is one of the first stud-
ies to find differences that are restricted to slow-clearing
flows. Compartment modeling has generally been used
to characterize decrements in fast-clearing flow associ-
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ated with gray matter degeneration.10,24 The k2 index
can be unstable in low flow conditions,18 but findings
with k2 were confirmed by results obtained with both
fg and the wg ratio. If k2 were reduced by artifact, the
fg would more than likely have been reduced as well;
and the wg ratio would not have differed from that of
controls. A noteworthy observation is that differences in
wg in this small sample of Lyme patients appear to be
more widespread than differences in k2. The k2 index
tends to be less sensitive than other flow indices because
it varies across a smaller range of values and may ac-
tually understate the level of deficit in white-matter
flows that is suggested by the wg ratio. Further studies
using three-dimensional tomographic imaging tech-
niques are clearly needed in order to resolve this dis-
crepancy, particularly because the resolution of these
techniques is less than half that of the method used here.
Global reductions in k2 were significantly correlated

with the magnitude of cognitive deficits in Lyme pa-
tients, specifically in memory (Buschke Total Recall and
CLTR) and visuospatial organization (Block Design). An
association was also found between left-sided temporal-
parietal white matter flow and poorer Digit Symbol per-
formance. These correlational analyses were limited by
the small size of the patient sample and the unusual
distribution of premorbid intelligence in this sample
(highest estimated premorbid intelligence in those with
worst perfusion measures). Further studies with larger
samples are needed in order to delineate the association
between perfusion abnormalities and cognitive impair-
ment. Because our sample size was small, the likelihood
of finding statistically significant group differences was
reduced (a Type II error), the possibility that the sample
was unusual increased (Type I error), and the general-
izability of our findings is limited.
We are well aware of the complexity of the wg and k2

findings and the difficulty of their interpretation. While
some k2 results may be due to “slippage” or other ar-
tifacts, constructing an artifactual explanation that
would affect the patients and not the controls is difficult.
The face validity of our results is supported by two ad-
ditional factors. First, as reviewed below, the literature
is consistent with a neuropathological process affecting
predominantly white matter. Second, the significant cor-
relations of k2 reductions with neuropsychological test
performance indicate that our physiological observa-
tions are meaningfully related to disease severity.
A similar impression regarding white matter involve-

ment was reached in the Logigian et al SPECT study.7

In their study, hypoperfusion of the subcortical basal
ganglia and white matter was a common feature in 13
patients with Lyme encephalopathy. Given that B burg-
dorferi has been found to preferentially injure oligoden-

drocytes when rat brain has been cultured in vitro, white
matter hypoperfusion might reflect injury to the oligo-
dendrocyte resulting in a secondary deafferentation of
the cortical structures. A postmortem case report of a
man with rapidly progressive dementia after well-doc-
umented Lyme disease is consistent with a primarily
subcortical localization for the damage that may occur
in patients with Lyme encephalopathy. In this case re-
port, neuropathology revealed severe subcortical neu-
ronal loss, neuronophagia, and gliosis, primarily in the
substantia nigra and the thalalmus; but only mild cor-
tical pathology was observed.30

Myelinated tracts comprise nearly half of the volume
of adult cerebral hemispheres, and they connect gray
matter structures throughout the brain.31 Diffuse white
matter pathology can disrupt these ubiquitous gray mat-
ter connections and could account for deficits in neuro-
behavioral functions that rely upon multiple networks
of interconnected neurons. Such functions would in-
clude attention, memory, visuospatial ability, complex
cognition, and emotional status. A variety of primarily
cerebral white matter disorders are associated with neu-
ropsychiatric disturbances, including multiple sclerosis,
Binswanger’s disease, traumatic brain injury, acquired
immune deficiency syndrome (AIDS) dementia com-
plex, and normal pressure hydrocephalus. Impaired re-
trieval but preserved procedural memory and encoding
are most characteristic of the dementia associated with
white matter disease.31 Most studies that involve larger
groups of patients with Lyme encephalopathy have
identified deficits in consistent, long-term retrieval but
not in actual storage or in procedural memory32—find-
ings consistent with white matter involvement. White
matter disease may have a greater potential for recovery
than gray matter disease, perhaps because neuronal loss
is less common. Spontaneous remission can occur in
Multiple Sclerosis, and resolution of MRI white matter
hyperintensities, after antibiotic treatment, has been ob-
served in Lyme disease.33

In conclusion, this cerebral blood flow study using
Xenon133 demonstrated that patients with persistent
Lyme encephalopathy have areas of decreasedperfusion
that appear to affect primarily the cerebral white matter.
This decreased perfusion is associated with cognitive
impairment. Future functional imaging studies that use
more sophisticated tools (such as PET and/or fMRI) to
examine biological and behavioral challenges need to
focus on delineating whitematter abnormalities in order
to better characterize the pathophysiology of Lyme en-
cephalopathy.

Dr. Fallon received support from a New York State Psy-
chiatric Institute Research Support Grant & from the Lyme
Disease Association to conduct this study.
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