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Abstract

Background We hypothesized that shunt dysfunction in the
ventricular catheter and the shunt valve is caused by different
cellular responses. We also hypothesized that the cellular re-
sponses depend on different pathophysiological mechanisms.
Methods Removed shunt material was collected. Macro-
scopic tissue in the catheters was paraffin-embedded and
HE-stained. Valves were incubated with trypsin-EDTA in
order to detach macroscopically invisible biomaterial, which
was then cytospinned and HE-stained. Associated
aetiological and surgical data were collected by reviewing
patient files, and ventricular catheter position was examined
using preoperative radiology (CT scans).

Results We examined eleven ventricular catheters and ten
shunt valves. Catheters: 6/11 catheters contained intraluminal
tissue consisting of vascularised glial tissue and inflammatory
cells (macrophages/giant cells and a few eosinophils). Cathe-
ter adherence correlated with the presence of intraluminal
tissue, and all tissue containing catheters had some degree of
ventricle wall contact. All obstructed catheters contained
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intraluminal tissue, except one catheter that was dysfunctional
because of lost ventricular contact. Valves: Regardless of
intraoperative confirmation of valve obstruction, all ten valves
contained an almost uniform cellular response of glial cells
(most likely ependymal cells), macrophages/giant cells, and
lymphomonocytic cells. Some degree of ventricle wall cathe-
ter contact was present in all examined valves with available
radiology (9/10).

Conclusions The same cellular responses (i.e., glial cells and
inflammatory cells) cause both catheter obstruction and valve
obstruction. We propose two synergistic pathophysiological
mechanisms. (1) Ventricle wall/parenchymal contact by the
catheter causes mechanical irritation of the parenchyma includ-
ing ependymal exfoliation. (2) The shunt material provokes an
inflammatory reaction, either nonspecific or specific. In com-
bination, these mechanisms cause obstructive tissue ingrowth
(glial and inflammatory) in the catheter and clogging of the
valve by exfoliated glial cells and reactive inflammatory cells.

Keywords Hydrocephalus - Shunt dysfunction - Valve -
Catheter - Pathophysiology

Introduction

Extrathecal shunting of CSF remains very important in the
hydrocephalus treatment regimen, even though recurring
shunt dysfunction often complicates the treatment. The risk
of shunt dysfunction is approximately 40 % after one year and
upwards to 53 % after two years [3, 14]. The two major
complications are shunt obstruction and shunt infection, ac-
counting for 72 % (108/150) and 19 % (28/150), respectively,
in a study series of shunt dysfunction [14]. In another study,
the risk of mechanical (noninfected) shunt dysfunction having
occurred after ten years was approximately 70 %, while the
risk of shunt infection after ten years was approximately 9 %.
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Mechanical shunt dysfunction was caused by obstruction in
56.1 % of the cases, and proximal obstruction comprised more
than half of these [33]. Pediatric patients younger than two
years constitute a particular high risk group. In general, shunt
revision within six months of last shunt surgery predicts a
higher probability of shunt failure [30].

Given the high rate of complications, it is no surprise that
several previous studies have investigated the causes of
shunt obstruction with a variety of analysis methods, includ-
ing: light microscopy, [1, 4, 18, 24, 25, 34, 39-41] scanning
(SEM) [9-11, 20, 21, 24, 27, 35, 38] and transmission
(TEM) [20, 38, 39] electron microscopy, and assays for
protein and other deposits [9, 26, 27, 35, 42]. Because
proximal obstruction is the most prevalent cause of mechan-
ical shunt dysfunction, [5, 33] the majority of these studies
have focused on ventricular catheter obstruction [1, 4, 9-11,
18, 21, 24-27, 34, 36, 38, 39]. Less often the distal (most
often peritoneal) catheter has been included as object of
interest [9, 11, 20, 21, 25, 26, 34, 42]. To our knowledge,
only three previous studies have specifically investigated
causes of valve obstruction [8, 35, 41]. Only one of these
studies investigated the cellular response [41]. No previous
publications deal with comparing the cellular response in
ventricular catheters and shunt valves. The biological mate-
rial previously described in shunts include: choroid plexus,
ependymal cells, granulation tissue/connective tissue, neural
tissue, glial tissue, macrophages, multinucleated giant cells,
erythrocytes, thrombocytes, leukocytes, plasma cells, mast
cells, proteinacious debris and mineral deposits [1, 4, 811,
18, 20, 21, 24-27, 34-36, 38-42].

We hypothesized that shunt dysfunction in the ventricular
catheter and the shunt valve is caused by different cellular
responses. We also hypothesized that the cellular responses
depend on different pathophysiological mechanisms. In or-
der to investigate this, we examined cytology and histology
in removed shunt material and reviewed patient files, surgi-
cal descriptions and relevant radiology. To gain further
knowledge of the cellular response in valve obstruction,
we developed a novel method based on cytospinning for
extracting and analysing shunt valve contents, while proven
histological methods including paraffin-embedding and mi-
crotome sections were used to examine the material in
ventricular catheters.

Methods and materials

During a period of one year from 2011 to 2012 material
removed from shunts during shunt revisions was collected at
the University Clinic of Neurosurgery at Copenhagen
University Hospital, Rigshospitalet. The project was
approved by The National Committee on Health Re-
search Ethics (protocol no. H-2-2011-025), and
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informed (written and oral) consent was obtained from
all the included patients.

The collected material consisted of ventricular catheters
and/or shunt valves. External ventricular drainage systems
and shunt material removed due to intracranial infection were
not included. The shunt material was immediately fixed after
removal in 4 % formaldehyde solution for later laboratory
analysis. Ventricular catheters and shunt valves were analysed
by two different methods at the Laboratory of Neuropathology
at Copenhagen University Hospital, Rigshospitalet.

Ventricular catheters

The proximal part of the catheter, which contains the drain-
age holes, was thoroughly inspected for possible material
clogging the holes, and the catheter was then split longitu-
dinally in its entire length to reveal any macroscopic tissue
hidden inside the lumen. If any tissue was found, this was
embedded in paraffin for histological analysis. The material
was finally hematoxylin and eosin (HE) stained.

Shunt valves

All removed shunt valves were examined, regardless of
whether biomaterial was visible or not. In order to detach
biomaterial for examination, the valves were filled with
trypsin-EDTA solution (Sigma-Aldrich T3924) followed
by five minutes of incubation time. The valves were then
flushed with Dulbecco’s phosphate-buffered saline (Lonza
DPBS) and the suspension was collected in a 2 mL
Eppendorf tube. To ensure that only intraluminal biomate-
rial was collected during the flushing procedure, a surgical
forceps was used to clamp the shunt valve where the 21G
needle was introduced into the entrance hole of the valve. To
concentrate the collected material, the contents were
centrifuged with an Eppendorf MiniSpin Plus centrifuge at
3,500 RPM for five minutes. The volume of the supernatant
was halved and the pellet was resuspended in the remaining
fluid for cytospinning using a StatSpin Cytofuge 2
cytocentrifuge. Each examined shunt valve resulted in four
microscopy slides. Two slides were HE stained for cellular
morphology, and two slides were prepared for specific im-
munohistochemistry (IHC). Unfortunately, the cellular ma-
terial did not prove to be robust enough for IHC even though
cellular morphology was evident.

Slides with material from both catheters and valves were
examined by light microscopy by the consultant neuropa-
thologists (HB and HL).

In order to compare the laboratory analyses with clinical
data, we thoroughly reviewed the patient files and surgical
descriptions of our cases. This included aetiological (gender,
age, hydrocephalus type, allergy, shunt type and implantation
time) and surgical (type of dysfunction and catheter
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adherence) information. We defined six types of shunt dys-
function: catheter obstruction, valve obstruction, distal ob-
struction, disconnection, overdrainage and other. The
category of “other” included cases of elective shunt removal.

Furthermore, the preoperative radiology (cerebral CT
scans) of each case was reviewed to gain information about
intraventricular catheter position and ventricular morpholo-
gy. The type of catheter used has the drainage holes cover-
ing the distal 19 mm from the tip. We defined four possible
degrees of ventricular position of the catheter tip (Table 1):

The position of the catheter tip in relation to the interventricular
foramina was also noted: Anteriorly to the interventricular foram-
ina, posteriorly to the interventricular foramina and inside the
third ventricle. Furthermore, all radiology was systematically
reviewed for presence and degree of slit ventricles.

For statistical description we used the Fisher’s exact test
and the non-parametric Mann—Whitney U test.

Results

Table 2 summarizes the aetiological, surgical, radiological
and neuropathological data. We collected 11 ventricular
catheters and 10 shunt valves in total. Each separate ven-
tricular catheter or shunt valve represents an individual
patient case, except cases C10 and V10, which corresponds
to the catheter and valve from the same patient, who had the
shunt system removed in toto. Thus, we collected 21 sam-
ples from 20 patients.

The age range of the included cases was 24 to 65 years
(median 53.0 years) for the examined catheters and 8 to
80 years (median 51.5 years) for the examined valves.

In general, there were no differences in patient age,
gender, type of hydrocephalus, kind of shunt dysfunction,
shunt type, implantation time and allergy when comparing
cases with catheter obstruction and cases with valve obstruc-
tion, and also when comparing obstructed and non-
obstructed cases internally.

The cases represent a variety of both acquired and con-
genital hydrocephalus with different causality (Table 2). The
collected shunt types were: ventriculoperitoneal (VP)

Table 1 Definition of ventricular catheter position

Classification: Definition:

Completely free All drainage holes located intraventricular

and free of ventricle wall

Intraventricular with
wall contact

All drainage holes located intraventricular
but with ventricle wall contact

Partially parenchymal Part of drainage holes located in the

periventricular parenchyma

Completely
parenchymal

All drainage holes located in the
periventricular parenchyma

shunt (16/20), ventriculoatrial (VA) shunt (2/20), and
Sinushunt (2/20).

Seventeen out of the 18 cases with available radiology
had the ventricular catheter placed via a frontal burr hole,
and the catheter tip was situated either anteriorly to the
interventricular foramina (10/17) or inside the third ventricle
(7/17). The only exception was case V3, which was placed
via an occipital burr hole and had the catheter tip situated
posteriorly to the interventricular foramina.

Manifest slit ventricles were present in cases V8 and
C10/V10, while cases C2, C6, V1 and V2 were border-
line cases (Fig. 1bdf). The remainder had normal or
dilated ventricles.

Case C10/V10 had ethylene oxide (EO) allergy, and case
V1 was under suspicion for EO allergy. Case V8 was
allergic to latex.

Ventricular catheters

An intraluminal tissue plug was found in six out of 11
removed ventricular catheters. In four of these cases
containing a tissue plug, the cause of shunt dysfunction
was intraoperatively confirmed as catheter obstruction. In
the remaining two cases the tissue was discovered following
elective removal of the shunt system. These two catheters
were therefore not tested for mechanical obstruction, but it is
most likely that the flow capacity of the catheters would have
been compromised due to the present intraluminal tissue.

The neuropathological examination of the tissue plugs
revealed that in all cases the plugs consisted of vascularised
glial tissue, locally organized in circular patterns corre-
sponding to an ingrowth through the catheter’s drainage
holes (Fig. 2a-c). Furthermore, macrophages and a few
multinucleated giant cells were observed, and in one tissue
plug (C3) a cellular response of slight lymphocytosis and
eosinophilia was seen (Fig. 2b), in addition to fragments of a
normal looking choroid plexus.

Only one of the examined catheters without intraluminal
tissue (C7) was intraoperatively found to be obstructed. In this
case, the cause was a loss of ventricular contact (Fig. 1c).

The implantation time of the ventricular catheters ranged
from 0.4 to 5.1 years for catheters with intraluminal tissue
and from 0.3 to “minimum” 4.0 years for catheters without
intraluminal tissue. The “minimum” designation describes
the longest confirmable implantation time found in the
patient file for case C9. Assuming that the actual implan-
tation time for case C9 does not differ markedly from
the minimum implantation time, there is no significant
difference between the two groups (p>0.92). Thus, im-
plantation time does not seem to be a determining factor
for tissue invasion. A longer actual implantation time
for C9 would only support this view, since no tissue
was present in this catheter.
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Examined catheters

Examined valves

Fig. 1 Representative CT scans of our cases. For case details see
Table 2. a C3: contact with wall of third ventricle. b C6: catheter tip
buried in the parenchyma and a narrowed ventricular system ¢ C7: loss
of ventricular contact with catheter almost tangentially to the ventricle

Intracerebral catheter adherence seemed to be related to
the presence of intraluminal tissue. Four out of the six tissue
containing catheters were adherent compared to none of the
empty catheters, though this did not reach statistical signif-
icance (p>0.06).

Furthermore, the presence or absence of ventricle wall
contact by the catheter seemed to influence whether glial
tissue had invaded the catheter or not. Ventricle wall contact
was present in eight out of ten examined catheters (no
radiology available for case C5). All examined tissue-
containing catheters (5/8) and three of the five empty cath-
eters (3/8) had contact with the ventricle wall. Thus, the
presence of ventricle wall contact is associated with obstruc-
tive tissue ingrowth in almost two-thirds of the cases. A
completely free catheter was only observed in two cases,
and notably these catheters did not contain tissue.

Ventricle wall contact versus intraluminal tissue was
however not statistical significant when plotted in a 2x2
contingency table (p>0.44), (Table 3).

Shunt valves
In five (V1-V5) out of the ten valve cases, the cause of shunt
dysfunction was intraoperatively found to be valve obstruc-

tion. The shunt valves were either OSVII valves (V2-V9) or
Hakim valves (V1 and V10).

@ Springer

d V2: catheter contacting multiple ventricle walls in a narrowed ven-
tricular system e V5: catheter touching septum pellucidum f V8: slit
ventricles (bilateral ventricular catheters)

The neuropathological examination of the flushed-out
trypsinated valve contents revealed no difference in cellular
composition or quantifiable severity of valve clog-up between
confirmed obstructed valves and valves removed on other
indication, and neither did the valve type affect these observa-
tions. We were able to classify the majority of observed cells
based on their morphology. In all cases, the general result was a
sparse cellular content of either glial cells or macrophages/giant
cells, or a combination of both, with a varying degree of
lymphomonocytic cells (Fig. 2d-i). In the majority of cases
the glial cells were most likely to be clusters of ependymal
cells. In two cases (V2 and V10) a single thin-walled blood
vessel was observed (Fig. 2f). The examined contents were
often mixed with erythrocytes, but as the microscopy did not
resemble old blood clot formation, the blood was assessed to
have contaminated the valve at the time of removal.

Cellular autolysis, possibly caused by the cells being
aggregated in the valve over time and intravalvular protec-
tion against the formaldehyde fixing, made a usable classi-
fication of the cells based on IHC staining impossible.

The implantation time of the shunt valve did not vary
significantly (p>0.14) between confirmed obstructed
valves (range 1.7-11.3 years) and valves removed on
other indication (range 0.2—7.0 years).

Preoperative radiology was available in nine out of ten
valve cases. In all nine cases there was some degree of
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Fig. 2 Representative light microscopy of our cases. For case details
see Table 2. a C1: intraluminal tissue, circle = circular tissue ingrowth
b C3: intraluminal tissue, arrows = eosinophils ¢ C4: intraluminal

intraventricular wall contact by the catheter (Fig. 1d—f).
Glial/ependyma-like cells were present in eight out of nine
of these valves.

Discussion

Our findings of cellular contents in both ventricular catheters
and shunt valves are consistent with previous descriptions,

Table 3 2x2 contingency table of ventricle wall contact versus pres-
ence of intraluminal tissue

Intraluminal tissue

Wall contact Yes No Total
Yes 5 3 8
No 0 2 2
Total 5 5 10

Oo cuo
OQ,J 3 'mm

40 pm, . 40 pm

tissue d V1: cluster of glial cells e V2: cluster of glial cells f V2: blood
vessel g V4: multinucleated giant cell h V6: cluster of glial cells i V8:
macrophage

and in combination with our complementary aetiological,
surgical and radiological data, a further insight in the patho-
physiological mechanisms of shunt dysfunction is offered.

Ventricular catheters

The intraluminal tissue of the catheters consisted predomi-
nantly of vital, vascularised glial tissue. Since the histolog-
ical architecture represented circular patterns, the tissue had
most likely invaded the lumen through the catheter’s drain-
age holes in a reactive process against the foreign material.
This supports the endoscopic observations of a previous
study that described ependymal catheter ingrowth and
neovascularization of the invading tissue [36]. Several ani-
mal studies have analyzed the cellular response to ventricu-
lar catheter implantation, and the described response is
consistent with our findings [7, 13, 17]. The general exper-
imental response consists of ependymal attenuation and
denudation in vicinity of the catheter, combined with glial
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outgrowths corresponding to the location of the drainage
holes. The mechanism of tissue ingrowth is proposed to be a
combination of both mechanical factors, e.g. an intraluminal
versus parenchymal pressure difference, and inflammatory
factors mediated by the catheter material causing active
cellular proliferation and migration.

In our observations, ventricle wall/parenchymal catheter
contact seems to be more of a determining factor for catheter
obstruction than implantation time. Physical contact was pres-
ent in all cases of catheter obstruction, and importantly, cases
with a completely free catheter did not contain any obstructive
tissue. We therefore propose that physical contact between the
ventricle wall/parenchyma and the catheter is the most impor-
tant causal factor in regards to the pathophysiology of catheter
obstruction. Possible reasons for the catheter to gain contact
with the ventricle wall/parenchyma are: surgical misplace-
ment of the catheter in the first place, a secondary collapse
of the ventricle walls onto the catheter, or extracranial migra-
tion of the shunt. We therefore emphasize that the first line of
prophylaxis against catheter obstruction should be correct
intraventricular catheter placement, since it is the easiest and
most obvious of the three to do something about. The criteria
of success in regards to catheter placement should therefore not
“just” be a functioning catheter, but a functioning catheter
placed completely intraventricularly and free of the ventricle
walls. This could be achieved with the aid of, e.g., stereotactic
neuronavigation or intraoperative ultrasound. One study
showed an accurate placement rate when using freehand tech-
nique of only 55 % versus 88 % and 89 % when using
neuronavigation and ultrasound [44]. Further emphasizing the
need for improved techniques for ventricular catheter place-
ment, another study showed that almost 27 % of catheters
placed with freechand technique were positioned suboptimally
[43]. The ventricular size often decreases as a consequence of
ventricular decompression by the shunting procedure. If ven-
tricular reduction is marked, this results in contact between the
catheter and the ventricle wall/parenchyma [10, 18]. In more
pronounced cases of ventricle wall collapse, the catheter would
simply become impacted, or as we observed in one case, lose
contact to the ventricular system. Undiagnosed overdrainage
could also eventually result in a narrowed ventricular system
[6, 33]. These mechanisms are more difficult to control surgi-
cally. We therefore propose that ventricle wall/parenchymal
contact, and following catheter obstruction, is an almost inev-
itable side effect of the intended therapeutic measure. The
magnitude of ventricular size reduction primarily depends on
the hydrodynamic characteristics of the valve, and in case of
unintended ventricular narrowing only a correctly placed cath-
eter can oppose the effects of the reduced ventricular size. The
high prevalence of slit or borderline slit ventricles among all
our cases emphasizes that decreased ventricular size is a com-
plicating factor to be taken seriously. Since the reviewed radi-
ology predominantly was performed on indication of shunt
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dysfunction, and the ventricles therefore might have become
enlarged, shunt-induced narrowing of the ventricles might ac-
tually be more prevalent than we observed among our cases.

Shunt valves

All but one of the examined shunt valves contained glial
cells that most likely were ependymal cells. All valves with
available radiology drained from a ventricular catheter with
ventricle wall/parenchymal contact. We therefore propose
that valve obstruction, similarly to catheter obstruction, is an
unavoidable side effect of ventricle wall/parenchymal con-
tact by the catheter, causing the catheter tip to exfoliate
ependymal and subependymal cells, which by means of
cerebrospinal fluid (CSF) transportation eventually aggre-
gates in the valve and cause obstruction. The shunt valve is
the narrowest part of the shunt system and could therefore
easily function as a filter for passing CSF. We propose that it
is the exact same underlying mechanisms as mentioned in
regards to catheter obstruction that cause physical contact
between the catheter and the ventricle wall/parenchyma. In
support of the proposed catheter-induced ependymal and
subependymal irritation, ependymal hyperemia and growth
of large new vessels in vicinity of the catheter tip have been
endoscopically observed in respectively 37 % and 28 % of a
study population [36]. This is also consistent with our ob-
servations of blood vessels in two examined shunts valves.

It is possible that valve obstruction can develop even
without ventricle wall/parenchymal contact as a consequence
of a general cell aggregation, but our results suggest that the
process of accumulation is accelerated by physical contact
between the catheter and the ventricle wall/parenchyma. This
implies that even if a ventricular catheter is functioning at the
time of valve revision, it should be considered whether the
ventricular catheter should be replaced as well, since a ven-
tricular catheter with ventricle wall/parenchymal contact
could be a predisposing factor for repeated valve obstruction.

A previous study, investigating catheter obstruction,
found that ependymal cells more often obstructed anteriorly
placed catheters while choroid plexus obstructed those
placed posteriorly [10]. The presence of ependymal cells
in our study is consistent with the observed location of the
catheter tip. The tip of every catheter, except one, was
located either anteriorly to the interventricular foramina or
inside the third ventricle.

Regardless of being obstructed or not, the examined
shunt valves contained a uniform cellular composition.
Our study did not offer the possibility of quantifying the
actual amount of cells or cellular debris aggregated in the
valve, but we hypothesize that the amount of biomaterial
would be higher in the cases of confirmed valve obstruction.
All obstructed valves had been implanted for a mini-
mum duration of 1.7 years, thus it could be suggested
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that true valve obstruction takes a certain amount of
time to aggregate.

Inflammatory response

In addition to the described glial response in both catheters
and valves, we also observed inflammatory cells that to a
lesser degree contributed to shunt obstruction. In general, an
unspecific foreign body reaction, consisting of inflammatory
cells, directed towards an implanted material is inevitable
[16]. Even though the silicone material, that most shunt sys-
tems are made of, is generally considered to be biological
inert, the adsorption of endogenic proteins to the surface elicits
an unspecific inflammatory response of macrophages, giant
cells and reactive tissue growth [12, 16, 22, 28, 45]. Our
observations of macrophages and a few multinucleated giant
cells, in both ventricular catheters and shunt valves, support
previous studies suggesting a degree of inflammatory re-
sponse being involved in the pathophysiological mechanism
of shunt dysfunction [4, 20, 24, 25]. Furthermore, our results
confirm that this also applies to valve obstruction [41].

In one catheter with intraluminal tissue, we observed a
slight degree of localized eosinophilia, which points towards
a more specific hypersensitivity reaction against the shunt
material. Mainly two possible allergens have been proposed
in relation to sterile shunt dysfunction: the silicone material
alone or conjugated with adsorbed serum proteins, and the
medical gas sterilant ethylene oxide (EO), which is used by
several manufacturers to sterilize the shunt hardware [12,
15, 19, 20, 22, 25, 32, 37, 40, 42]. Hypersensitivity towards
ethylene oxide has been reported in several spina bifida
patients, and the frequency and duration of surgery-related
allergen exposure is believed to be the major causing factor
[2, 29, 31]. Both antibody-mediated type I hypersensitivity
(allergy) and cell-mediated type IV hypersensitivity (de-
layed type hypersensitivity) have been proposed in relation
to shunt dysfunction. Although manifest allergy did not
correlate with the cellular response in our study, it is impor-
tant to keep the possibility of a hypersensitivity reaction as
underlying cause of recurrent shunt dysfunction in mind
[15]. The presence of one confirmed EO allergic and anoth-
er one suspected in our small study series demonstrates the
relevance of this. Indeed, a study on CSF eosinophilia
suggests that the presence of eosinophil cationic protein
(ECP) released by activated eosinophils is associated with
a higher risk of shunt dysfunction [23].

Conclusion
We have shown that it is the same cellular responses that are

responsible for both catheter obstruction and valve obstruction:
glial cells and inflammatory cells. We propose that it is also the

same general pathophysiological mechanisms that are respon-
sible for these cellular findings in shunt dysfunction. (1) Phys-
ical contact between catheter and ventricle wall/parenchyma
causes mechanical irritation of the parenchyma including
ependymal exfoliation, and occasionally the catheter simply
becomes impacted or loses contact with the ventricle. (2) A
chemically induced inflammatory reaction towards the shunt
material (both catheter and valve material), or proteins
adsorbed to the surface, causes an unspecific foreign body
reaction or sometimes a specific hypersensitivity response.

Both pathophysiological mechanisms work together in
synergy, eventually provoking obstructive tissue ingrowth
(glial and inflammatory) in the ventricular catheter, and
clogging of the shunt valve by exfoliated ependymal cells
and reactive macrophages/giant cells.

Since our study stays at a descriptive level it does not
give much clue to why some shunts remain functioning for
years, even when the ventricles are very narrow. This is a
difficult puzzle to solve, but should nevertheless be the
focus of future research.
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