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Abstract

Background and purpose: To assess the clinical spectrum of central nervous system (CNS)
involvement as well as cerebrospinal fluid (CSF) and neuroimaging findings in patients
with Whipple's disease (WD) and to analyze the association of neurological symptoms
with CSF and imaging findings.

Methods: Neurological involvement was retrospectively analyzed in a series of 36 pa-
tients diagnosed with WD at a single center between 1992 and 2019. Findings of 81
comprehensive CSF examinations from 36 patients, including polymerase chain reaction
(PCR) tests for Tropheryma whipplei (TW) in CSF from 35 patients, were systematically
evaluated. The prevalence of ischemic stroke in patients with WD was compared to a
matched control cohort.

Results: Neurological symptoms occurred in 23 of 36 (63.9%) patients, with cognitive,
motor, and oculomotor dysfunction being most frequent. TW was detected by PCR in
CSF of 13 of 22 (59.1%) patients with and four of 13 (30.8%, p = 0.0496) patients with-
out neurological symptoms. Total CSF protein (p = 0.044) and lactate (p = 0.035) were
moderately elevated in WD with neurologic symptoms compared with WD without. No
intrathecal immunoglobulin synthesis was observed. Three of 36 (8.3%) patients had hy-
drocephalus due to aqueductal stenosis. Patients with WD had an unexpectedly high
prevalence of ischemic stroke (10/36, 27.7%) compared to matched controls (10/360,
3.2%).

Conclusions: Neurological involvement in patients with WD is common. Detection of TW
DNA in CSF is only partly associated with neurological symptoms. Elevated CSF param-
eters suggest CNS parenchymal infection. Stroke is a hitherto underrecognized manifes-
tation of WD. These findings suggest that mechanisms beyond CNS infection contribute

to the spectrum of CNS involvement in WD.
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INTRODUCTION

Whipple's disease (WD) is a rare (estimated prevalence 1-3 per 1 mil-
lion) systemic infection caused by the actinobacterium Tropheryma
whipplei (TW) [1-3]. Although WD is typically associated with gas-
trointestinal and arthritic symptoms, neurologic involvement has
been reported in 22%-64% of patients [4-7] and confers an unfa-
vorable prognosis [2, 8]. Susceptibility to systemic WD may be partly
dependent on host factors [9-12]. The subsequent pathogenesis of
neurological involvement in WD is not well understood. The pres-
ent study investigated the associated neurological manifestations in
patients suffering from any chronic infection with TW, comprising
classical WD and other chronic localized infections.

Clinically, some patients with central nervous system (CNS) in-
volvement of WD present with the highly WD-specific phenomenon
of oculomasticatory myorhythmia (OMM), consisting of a ~1-2 Hz
rhythmic unilateral masseter contraction combined with vertical
converging nystagmus, which is frequently accompanied by supra-
nuclear vertical gaze palsy (SVGP) [13-18]. The majority of patients,
however, have been reported to have less specific and poorly de-
fined symptoms, most frequently cognitive changes, movement
disorders, eye movement disorders, and myoclonus, as well as signs
of hypothalamic involvement, such as sleep pattern disturbance
[2]. Although some patients with WD may show no signs of CNS
infection despite positive polymerase chain reaction (PCR) testing
in cerebrospinal fluid (CSF), others may develop an isolated CNS in-
fection without systemic involvement [2]. To date, an explanation for
this phenotypic variability is lacking [8, 19, 20]. Because the infecting
TW strain does not seem to influence the course of the disease [21],
distinct pathomechanisms could account for this heterogeneity, but
have not been investigated comprehensively.

Infectious diseases of the CNS are typically associated with
inflammatory changes in the CSF, such as an elevated cell count,
blood-CSF barrier dysfunction, or an intrathecal immunoglobulin
(Ig) synthesis. Nevertheless, systematic data on comprehensive CSF
examinations, together with PCR results in patients with WD, are
scarce. In addition, immune reconstitution inflammatory syndrome
(IRIS) upon immunosuppressive treatment is another known source
of WD symptoms but has not been well studied from a neurological
perspective [22].

Here, we comprehensively investigated clinical, CSF, and imaging
findings in a large monocentric cohort of 36 patients to character-
ize the spectrum and possible disease mechanisms of neurological

involvement in WD.

PATIENTS AND METHODS
Patients
We retrospectively analyzed patients with WD diagnosed or treated

at Charité-Universitatsmedizin Berlin between January 1992 and
June 2019.

Inclusion criteria were age 218years and a diagnosis of WD as
defined by:

e Two of the following tests (PCR, immunohistochemical testing for
TW, or periodic acid-Schiff (PAS) staining) from the same speci-
men were positive or

e Two of the following tests (PCR from sterile tissues and/or fluids,
immunohistochemical testing for TW, or PAS staining) from dif-

ferent specimens were positive.

These inclusion criteria were adapted according to the definition
of Glnther et al. [23].

The diagnostic algorithm used for diagnosis is attached as a sup-
plementary figure (Figure S1). Patients with only one positive test
(e.g., PAS staining in duodenal biopsies) or asymptomatic carriers
were excluded.

Patients with a diagnosis of other coexisting infectious diseases
with potential CNS involvement were excluded. Furthermore, if
available data were insufficient for retrospectively confirming a
diagnosis of WD according to the above criteria, patients were ex-
cluded from the study. One patient had a positive TW PCR in blood
and stool samples, which is currently not considered sufficient for
diagnosis [23]. However, as transesophageal echocardiography
showed clear signs of endocarditis, responding to antibiotics and no
concurrent pathogens were detected, the diagnosis of TW endocar-
ditis was apparent, and the patient was included in the study [9].

IRIS was defined as secondary clinical deterioration due to sys-
temic or local inflammation while on effective antimicrobial treat-
ment [24].

All digital and paper-based patient records available were
screened, and information was collected and managed using
REDCap electronic data capture tools [25]. Data collected included
demographic characteristics, laboratory findings, clinical presenta-
tion, clinical course, microbiological results, PCR findings, and im-
aging data.

All described symptoms from patient histories and clinical ex-
aminations were recorded by annotating findings through the
ontology-based terminology SnomedCT [26]. Neurological symp-
toms were grouped into dysfunctions of pyramidal motoric system,
speech, oculomotoric movement, psychiatric, cognition and mnestic
function, visual system, sleeping behavior, gait, reproductive func-
tion, sensory system, and occurrence of seizures, peripheral nerve
affection, and other than above-described movement disorders.

Results of comprehensive CSF examinations, including CSF cell
count, protein, lactate, glucose, presence of CSF-specific oligoclonal
bands, and of a quantitative intrathecal 1gG, IgM, or IgA synthesis
were collected as were the results of TW PCR.

Detection of TW DNA was performed by TW-specific real-time
PCR of the 16S rRNA gene of TW before 2003, between 2003 and
2011 by PCR of 16S rRNA and rpoB, and from 2012 only by rpoB
gene PCR as described before [27]. All positive cases were confirmed
by 16S rRNA-gene amplification and sequencing. PAS staining of bi-
opsy specimens was performed by histological analysis. Specimens
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included in the diagnostic process were duodenum, colon, antrum,
skin, brain tissue, urine, blood, heart valve, lacrimal fluid, bone mar-
row, lymph node, CSF, or synovia.

All available brain magnetic resonance imaging (MRI) data were
reviewed by an experienced neuroradiologist (E.S.).

In patients with a stroke, findings of neuroimaging, electrocar-
diograms, transthoracic and transesophageal echocardiography,
duplex sonographies of the extra- and intracerebral arteries, and
laboratory values were recorded, and the most likely etiology of
the stroke classified according to the the Trial of Org 10172 in
Acute Stroke Treatment (TOAST) criteria [28]. If the etiology could
not be determined from available data, it was assigned as undeter-
mined etiology.

For stroke prevalence, a comparison with an age- and sex-
matched cohort was performed with data from 24,016 subjects of
the GEDA 2014/2015-EHIS German health survey [29]. Nearest-
neighbor matching with a 1:10 ratio was performed using the
Matchlt package in R (R Foundation for Statistical Computing) [30].

Statistical analyses

Data were analyzed with the R language v3.6.3 (r-project.org/)
using the Wilcoxon-Mann-Whitney test to compare medians be-
tween groups or Fisher exact test for proportions of a categorical
outcome. Due to the exploratory nature of this study, no correction
for multiple testing was performed. p values <0.05 were considered

significant.

Ethics and regulations

This study was approved by the institutional review boards of Charité-
Universitatsmedizin Berlin (EA4/153/20). All diagnostic procedures,
including lumbar punctures, were performed as part of the routine
diagnostic workup with the patients' written informed consent.

RESULTS
The spectrum of neurologic symptoms in WD

A total of 36 patients with a diagnosis of WD according to the study
criteria were included in the analysis. Demographic characteristics
and the frequency of clinical features of these 36 patients are shown
in Table 1. In line with previous reports [4-7], median age at diagno-
sis was 55years, and patients were predominantly male. Arthralgia
was the most common clinical manifestation. Neurological signs and
symptoms ranked before classical gastrointestinal manifestations
such as weight loss or diarrhea. Immunosuppression prior to diagno-
sis was frequent (most frequent medications: steroids, azathioprine,
and methotrexate), and six of the seven patients who developed an
IRIS had previously received immunosuppression.

We first investigated the spectrum of reported neurologic signs
and symptoms. A wide range of central and, less commonly, periph-
eral nervous system affections were observed. Cognitive impairment
was most frequent and was characterized by mild to severe cogni-
tive impairment, impaired short-term memory, temporal and spatial
orientation disturbance, and attention and concentration deficits

(Table 2). Pyramidal symptoms comprised monoparesis, hemiparesis

TABLE 1 Demographic and general clinical characteristics of
patients with Tropheryma whipplei infection (n = 36)

Characteristic Overall

Demographics
55.50 [48.75-63.25]
10:26 (72.2%)

Age at diagnosis, years, median [IQR]
Female:male (% male)

Clinical features
Arthralgia 32/36 (88.9%)

Any neurological symptoms 23/36 (63.9%)

Weight loss 22/36 (61.1%)
Diarrhea 20/36 (55.6%)
Lymphadenopathy 9/36 (25.0%)
Fever 7/36 (19.4%)
Immunosuppression prior to diagnosis 19/36 (52.8%)
Immune reconstitution inflammatory 7/36 (19.4%)

syndrome

Note: Values are given as absolute numbers and percentages (in
parentheses) unless otherwise indicated.

Abbreviation: IQR, interquartile range.

TABLE 2 Neurological symptoms in patients with Tropheryma
whipplei infection (n =23)

Symptom Value, n (%)
Cognitive dysfunction 11 (47.8%)
Pyramidal motoric dysfunction 8 (34.8%)
Oculomotor dysfunction 7 (30.4%)
Other symptoms?® 7 (30.4%)
Psychiatric symptoms 5(21.7%)
Sleep disorder 5(21.7%)
Seizures 5(21.7%)
Abnormal gait 5(21.7%)
Peripheral nerve affection 5(21.7%)
Other movement disorders 4(17.4%)
OMM and/or SVGP 4(17.4%)
Speech disorder 3(13.0%)
Visual system dysfunction 3(13.0%)
Incontinence of urine or feces 3(13.0%)
Sexual dysfunction 2 (8.7%)
Sensory symptoms 2 (8.7%)

Abbreviations: OMM, oculomasticatory myorhythmia; SVGP,
supranuclear vertical gaze palsy.

20ther symptoms include headache, hearing problem, tinnitus, nausea,
vertigo, ptosis, dysphagia, functional abdominal pain syndrome.
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or tetraparesis, and/or hyperreflexia. Although seven patients had
some degree of oculomotor dysfunction, only four of these patients
showed WD-specific features (i.e., OMM and/or SVGP).

CSF findings in WD

We next performed a comprehensive analysis of CSF parameters
and correlated those to clinical presentation. A total of 81 CSF
samples from 35 patients were available for analysis (range, 1-12
samples per patient). TW was detected by PCR in 17 of 35 (48.6%)
patients (Table 3). In four of 15 (26.7%) patients with repeated PCR
tests, the PCR changed from negative to positive during the course
of the disease. Overall, routine CSF parameters demonstrated only a
slight elevation of protein (median, 506 mg/dl). Accordingly, protein
differentiation (performed in 18/35 patients) showed an increased
age-adjusted albumin quotient, indicative of blood-brain barrier
disruption. None of the patients showed evidence of intrathecal Ig
synthesis. CSF cell differentiation was also unremarkable.

We next compared CSF parameters between patients with and
without neurological signs and symptoms, and those with classical
CNS manifestation with OMM or SVGP (Table 3, right columns). In
the group without neurological symptoms, routine CSF parameters
were predominantly in the normal range, whereas all patients with
OMM or SVGP had at least one abnormal CSF finding. TW DNA was
detected in at least one CSF sample by PCR in four of four (100%)
patients with OMM or SVGP, nine of 18 patients (50%) patients
with other neurological symptoms, and four of 13 (30.8%) patients
without any neurological symptoms. Significant differences were
observed for protein and lactate levels between neurologically af-
fected and nonaffected patients, as well as for cell counts, protein
levels, and albumin quotient for patients with OMM/SVGP versus
other neurological symptoms (Figure 1). In summary, there was a sig-
nificant association between CSF parameters and neurological signs
and symptoms, with classical OMM/SVGP showing the most pro-
nounced alterations. Of note, two additional patients without OMM
or SVGP, but other oculomotor signs (diplopia), also presented with
elevated CSF protein levels.

To further investigate this association, we correlated all rele-
vant clinical, CSF, and imaging parameters (Figure 2). Given the im-
portance of TW PCR and protein levels identified above, patients
were clustered according to PCR results and ranked by decreasing
protein levels. Strikingly, the presence of oculomotor symptoms
including OMM or SVGP, and cognitive dysfunction was restricted
to cases with pathological protein levels or positive TW CSF
PCR. Similarly, hydrocephalus (studied in detail below) was only
observed in patients with high CSF protein levels. Conversely, in
the group of patients with a history of ischemic stroke or imaging
findings, only four patients had a positive PCR for TW, and five
patients had a negative PCR. However, in four of the five cases
with negative PCR, the sample had been obtained only after the
start of antibiotic therapy, and in the 10th patient with stroke, no
PCR of CSF was available.

Prior immunosuppression and IRIS were not associated with
the presence of neurological signs or symptoms nor did they sig-
nificantly correlate with abnormal CSF parameters (data not shown).

In summary, we identified a group of patients characterized by
WD-specific neurological symptoms, pathological CSF findings, and
risk of developing hydrocephalus, and a second group with other

neurological manifestations and frequent ischemic stroke.

Imaging findings in patients with oculomasticatory
myorhythmia and/or supranuclear vertical gaze palsy

The patients with OMM and/or SVGP formed a subgroup of four
patients, all male, and additionally showing cognitive symptoms
and abnormal gait. On MRI, three patients in this group showed
infratentorial WD manifestation consisting of periventricular or
periaqueductal T2/FLAIR hyperintense lesions with or without
contrast enhancement. The fourth patient displayed a progressive
leukoencephalopathy, but without infratentorial lesions. Cerebral
atrophy was present in two of these patients. A prototypical longi-
tudinal course with an initial presentation with small-step gait dis-
turbance and urinary incontinence due to occlusive hydrocephalus
requiring first ventriculostomy, later implantation of a ventriculo-
peritoneal shunt, and progression to fulminant disease with OMM
and SVGP, abnormal gait, and memory impairment is shown as an
example for this group (Figure 3). One patient with highly elevated
protein, cell count, and lactate levels presented without OMM and/
or SVGP but with an unusual tumefactive lesion with ring-like con-
trast enhancement on MRI suggestive of an abscess (Figure S2).
Stereotactic biopsy with microbiological workup demonstrated the

presence of TW.

Obstructive hydrocephalus in WD

To further investigate hydrocephalus as a complication of CNS WD,
all available MRI scans were centrally reviewed. Three out of 36 pa-
tients (8.3%), all with highly elevated CSF protein levels, had clini-
cally manifest hydrocephalus. Of note, hydrocephalus was initially
described in four patients, and in three of these, normal-pressure
hydrocephalus (NPH) was originally suspected. On central review,
imaging criteria of NPH were not met in all three patients. In one
patient, the diagnosis of hydrocephalus could not be confirmed after
review. In the other patients, hydrocephalus was obstructive due to
infratentorial, periagueductal WD manifestation with consecutive

aqueductal stenosis (see, for example, Figure 3e).
Ischemic stroke and Whipple's disease
Finally, we observed an unexpectedly high number of patients with

a history or imaging findings of ischemic stroke after the diagno-
sis of WD (27.8%, 10/36 patients) in this cohort. The median age
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TABLE 3 CSF findings by neurological signs and symptoms
Patients with neurological symptoms
OMM and/or SVGP OMM and/or SVGP
Patients without
All patients neurological symptoms Present Absent
Overall no. of CSF samples, n 81 18 28 35
No. of patients 36 13 4 19
Antibiotic treatment at time of lumbar puncture
Currently untreated 44/81 (54.3%) 15/18 (83.3%) 11/28 (39.3%) 18/35 (51.4%)
Currently treated 29/81(35.8%) 1/18 (5.6%) 14/28 (50.0%) 14/35 (40.0%)
Status unknown 8/81(9.9%) 2/18 (11.1%) 3/28 (10.7%) 3/35 (8.6%)
PCR for TW in CSF
PCR positive 21/70(30.0%) 4/18 (22.2%) 7/20 (35.0%) 10/32(31.2%)
Patients with PCR ever 17/35 (48.6%) 4/13 (30.8%) 4/4 (100.0%) 9/18 (50.0%)

positive

Basic parameters, samples =n
Leukocyte count, cells/pl

Patients with leukocyte
count 25 cells/pl

Total protein, mg/L

Patients with total
protein 2450mg/L

Glucose, mg/dI

Patients with
glucose <40mg/dl

Lactate, mg/dl

Patients with
lactate 220 mg/dl

2.00[1.00-8.00]
6/30(20.0%)

506.00
[350.50-783.75]

15/29 (51.7%)

58.00 [49.50-64.93]

4/24(16.7%)

15.70[13.70-22.70]

4/24 (16.7%)

CSF protein differentiation, samples = n

Qupr X 10°°

Patients with elevated age-

adjusted Q,,
Intrathecal IgG Synthesis
Intrathecal IgA Synthesis
Intrathecal IgM Synthesis
CSF specific OCBs

9.81[6.10-14.60]

9/18 (50.0%)

CSF cell differentiation, samples = n

Lymphocytes

Monocytes

Neutrophils
Eosinophils
Activated lymphocytes

Plasma cells

68.20 [58.00-75.80]
21.40[15.50-29.40]

3.60 [0.00-6.60]
0.00 [0.00-0.00]
0.00 [0.00-0.00]
0.00 [0.00-0.00]

60

62

51

49

29

28
20
19
22

17

17
17
17
17

2.00[1.00-2.50]
2/10(20.0%)

352.00 [302.00-
480.75]

4/9 (44.4%)

56.50
[53.50-61.50]

0/7(0.0%)

13.60
[13.07-14.60]

0/7 (0.0%)

8.45[7.30-9.65]

2/4(50.0%)

71.60
[64.48-75.30]

21.45[17.47-23.18]

3.60[3.28-12.90]
0.00[0.00-0.05]
0.00[0.00-0.00]
0.00[0.00-0.00]

11

10

N W W N

A~ MM Op

6.00 [2.00-9.52]
2/4(50.0%)

706.00 [450.25-
842.75]

3/4(75.0%)

60.00
[50.25-71.75]

2/4(50.0%)

21.90
[15.00-25.25]

2/4(50.0%)

14.00
[11.30-16.00]

3/4(75.0%)

74.50
[69.27-80.02]

20.30
[15.88-24.08]

1.25[0.00-5.10]
0.00 [0.00-0.00]
0.00[0.00-0.15]
0.00[0.00-0.00]

24

26

22

23

13

13
11
11
12

o 0 © o

2.00[1.00-3.00] 25
2/16(12.5%)

484.50[295.50- 26
665.50]

8/16(50.0%)

57.00 21
[46.00-61.00]

2/13(15.4%)
15.10[13.50, 18

16.67]
2/13 (15.4%)

7.05[5.25-10.11] 12

4/10 (40.0%)
0(0.0%) 11
0(0.0%) 6
0(0.0%) 5
0(0.0%) 8
58.00 5
[33.90-59.00]
36.70 5
[15.00-60.70]
5.40[0.00-27.00] 5
0.00[0.00-0.25] 5
0.00[0.00-0.00] 5
0.00[0.00-0.00] 5

(Continues)
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TABLE 3 (Continued)

n

n n n

Macrophages 0.00 [0.00-1.50] 17

0.00[0.00-0.00] 4

0.15[0.00-2.79] 8 0.00[0.00-1.60] 5

Note: Values are given as median with interquartile range or n/total with percentage unless otherwise indicated. Values in italics refer to the patient

population, values in normal print refer to the CSF sample population.

Abbreviations: CSF, cerebrospinal fluid; Ig, immunoglobulin; OCB, oligoclonal bands; OMM, oculomasticatory myorhythmia; PCR, polymerase chain
reaction; Q,,, albumin quotient; SVGP, supranuclear vertical gaze palsy; TW, Tropheryma whipplei.

of patients with stroke was older than those without (66years vs.
52years, p = 0.005). To test whether the frequency of stroke among
patients with WD was still disproportionately high, we compared
the prevalence of stroke in this study to an age- and sex-matched
population comprising 360 individuals of the GEDA cohort, a na-
tionwide representative health information cohort in Germany [29].
Prevalence of stroke was significantly higher in our WD cohort
(27.8%) compared to the prevalence of the general population in
Germany (3.2%, p =<0.001).

We thus investigated possible causes and etiologies, as classified
by TOAST [28], of ischemic stroke in WD. First, there was a close
temporal relationship between occurrence of ischemic stroke and
diagnosis of clinical signs of WD (Table 4). Importantly, in five of the
nine patients (55.6%) with available brain imaging data with stroke,
infarction in multiple vessel territories suggested a cardioembolic
etiology (as exemplified in Figure 4), but atrial fibrillation as the most
common risk factor for cardioembolism was not documented for
any patient in our cohort. Conversely, definite WD endocarditis was
demonstrated in two patients. One of the patients was diagnosed
with TW endocarditis based on a positive PCR in blood for TW, and
another one showed positive PCR for TW in the explanted aortic
valve. Of note, another patient in the cohort without a history of
stroke was also diagnosed with TW endocarditis.

Mild to moderate atherosclerosis was described in five pa-
tients, but a hemodynamically relevant stenosis was only observed
in one case. In this case, MRI revealed a pattern of multifocal prox-
imal intracranial stenoses, and although the diagnosis could not
unequivocally be ascertained, an operational diagnosis of puta-
tive cerebral vasculitis was established. WD was not diagnosed
until 2years later, so it is not clear whether TW was causative.
The patient later developed obstructive hydrocephalus and also
experienced IRIS under initial therapy after prior immunosup-
pression (including methylprednisolone, cyclophosphamide, rit-
uximab, methotrexate, tocilizumab, canakinumab, etanercept, and
anakinra).

According to the TOAST classification, out of 10 cases with
ischemic stroke, seven were classified as stroke of undetermined

etiology, two as cardioembolic, one as probably cardioembolic, and
one as probably due to another etiology.

In summary, we observed a significantly increased prevalence of
stroke in patients with WD, many of unknown etiology, and hypoth-

esize that (cryptic) TW endocarditis may be a relevant cause.

Therapy regimens

Although beyond the scope of this study, patients' individual ther-
apies were also recorded. Treatment recommendations for WD
changed during the study period, so patients in this cohort received
different therapeutic regimens. Patients were mainly treated with
a combination therapy of ceftriaxone followed by cotrimoxazole
or doxycycline and hydroxychloroquine, in some cases in combina-
tions with meropenem, minocycline, or interferon y. A correlation
between clinical course and treatment regime could not be observed
in this cohort. Similarly, no systematic bias with respect to treatment
was observed between patients with and without OMM and/or
SVGP, and patients with and without stroke, respectively.

DISCUSSION

This study characterizes the clinical spectrum of CNS involvement
in WD and describes corresponding CSF and imaging findings in a
large monocentric cohort of patients with WD. Demographically,
our cohort is similar to prior studies of WD, with the majority of pa-
tients being male and middle aged, and thus appears representative
[1, 9]. Prior reports of CSF parameters in patients with WD showed
mainly normal results with sometimes slightly elevated protein and
cell count levels, and our findings confirm this in a larger monocen-
tric cohort [13, 19, 20]. Compared with recent systematic reviews of
published cases with neurological abnormalities, our cohort displays
a similar distributed spectrum of symptoms with also most frequent
occurrence of cognitive, pyramidal motoric, oculomotor, neuro-
psychiatric, and hypothalamic dysfunctions [31, 32].

FIGURE 1 CSF findings in patients with and without neurological symptoms with Tropheryma whipplei infection. Boxplots showing a
comparison of patients with and without neurological symptoms (left column) and a comparison of patients with OMM/SVGP and other
neurological symptoms among the group of patients with neurological symptoms (right column). Dotted lines indicate upper reference
ranges of CSF parameters. Log scale is used for the y-axis for leukocyte count. Wilcoxon-Mann-Whitney test was used for pairwise
comparisons between groups. CSF, cerebrospinal fluid, OMM/SVGP, oculomasticatory myorhythmia and/or supranuclear vertical gaze palsy.
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FIGURE 2 Overview of clinical and paraclinical features of patients with Tropheryma whipplei infection by PCR and CSF protein findings.
Patients were clustered according to PCR results and ranked by decreasing median protein levels. *Negative PCR results were obtained only
after the patient received antibiotics. PCR+ in CSF = analysis of positive polymerase chain reaction in the cerebrospinal fluid was positive
for T. whipplei. CSF, cerebrospinal fluid; ID, identification; OMM and/or SVGP+, oculomasticatory myorhythmia and/or supranuclear vertical

gaze palsy; PCR, polymerase chain reaction.

However, correlation with clinical and imaging findings identified
several subgroups, likely reflecting several pathomechanisms of CNS
involvement in WD: (i) direct parenchymal damage through mostly
infratentorial TW infection, which may lead to (ii) obstructive hy-
drocephalus, and (iii) cerebrovascular events from TW endocarditis.

Parenchymal infection and classical neuro-WD

Patients with distinct symptoms (i.e., OMM or SVGP) displayed fre-
quent CSF abnormalities and invariably tested positive for TW DNA
by PCR at least once during the course of the disease, confirming the
presence of the pathogen in the CNS. This suggests direct infection
with TW (i.e., encephalitis), with a predilection for brainstem struc-
tures. In post mortem histological analysis of brain tissue, affected
regions included the basal parts of the telencephalon, hypothala-
mus, thalamus, periaqueductal grey matter, and the quadrigeminal
plate [33]. A correlation between histologically and radiologically af-
fected regions is also evident [34].

Importantly, however, neither basic CSF parameters nor positiv-
ity of TW PCR in CSF were a definite predictor for OMM, SVGP,
or presence of neurological symptoms per se. The presence of the
pathogen in the CSF does not necessarily lead to immediate neuro-
logical symptoms.

As shown in Table 3, patients with neurological symptoms under-
went CSF sampling more frequently while under antibiotic therapy,
which is to be expected. Therefore, a bias of the results toward nor-
mal CSF parameters and negative PCR cannot be excluded in these
groups. In a few patients, positive CSF PCR was only eventually

recorded during the course of the disease. This could be due to
metachronous CNS infection or because the TW copy number was
below the detection level of the PCR. It highlights the importance of
repeated PCR testing in the case of suspected CNS involvement [35].
Notably, we found no evidence of intrathecal Ig synthesis in this
cohort. Systemic TW-specific immunoreactivity and especially IgG
and I1gM response are low in patients with WD, which paradoxically
may even be used to distinguish patients from asymptomatic car-
riers who express a stronger immune response [36, 37]. Individual
case reports, however, have sporadically reported detection of in-
trathecal IgA or CSF oligoclonal bands [8, 38]. To our knowledge,
TW-specific antibodies have not yet been studied in CSF.

Hydrocephalus

Hydrocephalus manifesting in patients with TW infection has been
previously reported [13, 39]. It should be noted that obstruction by ag-
ueductal stenosis was found causative in all three cases in our cohort.
Importantly, normal pressure hydrocephalus was initially suspected
in three patients but could not be confirmed after central review.
Hydrocephalus in WD is thus either directly caused by TW-caused
ependymitis or an indirect result of the mass effect of infection of the
periaqueductal grey matter, which then leads to aqueduct occlusion
[40, 41]. Accordingly, patients should be closely monitored for signs of
increased intracranial pressure as it may require ventriculoperitoneal
shunt implantation and prolonged continuation of antibiotic treat-
ment. It is noteworthy that the localization of the mass effect is iden-
tical or close to the presumed region causative of OMM and SVGP.
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FIGURE 3 Case vignette. Longitudinal
progress of central nervous system
Tropheryma whipplei infection over 3years.
Sagittal T2-weighted magnetic resonance
imaging (a) in a patient with classical signs
of neurological T. whipplei infection after
surgical third ventriculostomy (time point
t,) due to obstructive hydrocephalus
shows aqueductal stenosis secondary to
subtle swelling and signal changes of the
periaqueductal parenchyma (arrow) and
patent ventriculostomy (dotted arrow).

(b and c) Contrast-enhanced scans show
subtle (sub)ependymal enhancement of
the distal aqueduct and the rhomboid
fossa. Three years later (time point t,),
sagittal T2 (d) shows progressive swelling
of the dorsal midbrain and the rhomboid
fossa with obliteration of the aqueduct
(arrows). (e and f) Contrast-enhanced
scans show progressive (sub)ependymal
enhancement of the fourth ventricular
linings and the aqueduct (arrows) as

well as the lamina terminalis of the third
ventricle (dotted arrow).

Association with ischemic stroke

An intriguing finding of this study is the high prevalence of stroke
in patients with TW infection. Although patients with stroke were
older than WD patients without stroke, prevalence was significantly

and more than eightfold higher than in an age- and sex-matched

population control. The occurrence of stroke was associated with

positive TW PCR in CSF in only four of 10 patients, so that an etiol-
ogy independent of CNS infection can be discussed. However, in four
patients with negative PCR, the CSF sample was obtained only after
the start of treatment, and in one patient, no PCR was performed

at all. There was a high rate of cryptogenic stroke and multiterritory
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TABLE 4 Characteristics of patients with stroke and Tropheryma whipplei infection (n = 10)

Characteristic
Age at stroke, years, median [IQR]
Age at diagnosis of WD, years, median [IQR]
Female:male (% male)
Clinical features
Signs of endocarditis in TEE
Multiterritorial infarction
Mild to moderate atherosclerosis®
Other large vessel pathology?
Relevant carotid stenosis®
Risk factors
PCR+ for TW in blood or valve
Atrial fibrillation
Diabetes mellitus
Hypercholesterinemia
Hypertension

Coronary artery disease

Value

65.50 [59.75-68.75]
66.00 [56.75-69.75]
4:6 (60.0%)

2/6(33.3%)
5/9 (55.6%)
5/6 (83.3%)
1/6 (16.7%)
0/8 (0%)

2/2 (100.0%)
0/6 (0%)
2/8(25.0%)
5/10 (50.0%)
8/10 (80.0%)
2/8(25.0%)

Note: Values are given as absolute numbers and percentages (in parentheses) unless otherwise indicated.

Abbreviations: IQR, interquartile range; PCR, polymerase chain reaction; TEE, transesophageal echocardiography; TW, Tropheryma whipplei; WD,

Whipple's disease.

?In extra- and intracranial duplex ultrasound and/or magnetic resonance imaging/computed tomography angiography.

PIn extracranial duplex ultrasound and/or magnetic resonance imaging/computed tomography angiography.

FIGURE 4 Case vignette. Patient with embolic strokes and Tropheryma whipplei endocarditis. In a patient with endocarditis with a positive
polymerase chain reaction in blood for T. whipplei, diffusion weighted imaging (DWI) initially (time point t,) shows several small foci of acute
ischemia bilaterally (a and b), consistent with a cardioembolic origin (arrows). A follow-up scan (c) 2months later (time point t,) shows another

acute small ischemic focus (arrow).

stroke patterns suggestive of cardioembolism. TW endocarditis,
which was confirmed in two cases, may be the most common and
plausible pathomechanism. Endocarditis is a well-documented mani-
festation of WD [42]. Symptoms are often minimal, the modified
Duke criteria are typically not met, and PCR from blood has poor sen-
sitivity; therefore, it is challenging to diagnose [42-45]. It is probably

highly underdiagnosed, because a retrospective analysis of excised
valves from patients with culture-negative endocarditis showed TW
to be a common pathogen in up to 6.3% of cases [44].

Active endocarditis is a strong independent risk factor for de-
veloping a cardioembolic stroke [46]. One study reported ischemic
stroke in seven out of 28 patients with TW endocarditis (29.2%) [42].
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Only one of these patients fulfilled the modified Duke criteria. A
CSF sample was obtained from only eight of the 28 patients, and
PCR for TW in these was negative in all cases. Our present findings
indicate a comparably high rate of strokes in patients with WD over-
all. Similarly, although not conclusively assessable due to partial lack
of initial CSF data, we found no correlation between occurrence of
stroke and results of CSF TW PCR.

It is plausible that the increased rate of stroke in our cohort is
related to occult endocarditis, even if the relationship cannot be
definitively proven retrospectively in most patients. Based on our
findings, cardioembolic stroke may be an overlooked mechanism of
neurological disease caused by TW, and treating physicians should
be aware of it. Additionally, TW endocarditis might be an under-
recognized etiology in cryptogenic stroke or suspected cardioem-
bolic stroke without identifiable source of embolism. For these
cases, PCR testing of urine might be a valuable tool, because it has
a high positive predictive value in initial diagnosis and is easy to ob-
tain [47]. Another emerging noninvasive method in cases of clinical
suspicion of systemic infection with TW is 18-fluorodeoxyglucose
positron emissitomography (18-FDG-PET), which may also be con-
sidered for follow-ups in cases of localized infections [48].

Lastly, CNS vasculitis might be another independent etiology
of stroke that has been suggested in prior reports of stroke-like
syndromes in WD [49-51], although diagnosis of vasculitis could
not be confirmed in most cases. However, vasculitis caused by TW
has been reported, and it is certainly plausible that it may result in
local thromboembolic events [52, 53]. One published report shares
similarities with the case of suspected vasculitis reported here; mis-
diagnosed as rheumatic disease, the patient received extensive im-
munosuppressive therapy before progressing to CNS vasculitis-like
disease with proximal intracranial stenoses and multiple infarctions
[54]. Arthralgia as the most common symptom of WD (often pre-
ceding the diagnosis by years) might be a red flag for neurologists to

consider TW infection.

Limitations

Several limitations apply to our study and are related to sample size
and missing data due to its retrospective design. It is therefore of
importance to conduct prospective studies to further corroborate
the present findings. Especially, establishing the prevalence of TW
infection in cryptogenic stroke would be of particular interest. A
prospective approach is also needed to further delineate the differ-
ent pathomechanisms at work in WD and define the resulting phe-
notypes more precisely.

In conclusion, our results suggest several modes of CNS in-
volvement in WD. Pathomechanisms that should be considered
in the assessment of patients with TW infection comprise direct
infection of brain parenchyma, hydrocephalus due to aqueduct ste-
nosis, and cardioembolic stroke due to endocarditis. Abnormal CSF
findings correspond to a clinical manifestation with specific signs
and are probably related to the CNS presence of the pathogen.

In patients with cryptogenic stroke, infection with TW should be
considered.
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