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Infection of catheterised patients: bacterial colonisation
of encrusted Foley catheters shown by scanning electron microscopy
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Summary. The surfaces of 32 encrusted urinary cathe-
ters were examined by scanning electron microscopy to
investigate the association of bacteria with the encru-
sting deposits. Deposits consisted of struvite crystals
surrounded by aggregates of very small crystallites of
hydroxyapatite. Underneath these minerals there was a
layer of closely packed bacteria. Impressions of bacte-
ria were also observed in hydroxyapatite. Crystals were
often engulfed by the bacterial layer, which thus
appeared to bind the crystals to each other and to the
catheter surface. This thick layer of bacteria associated
with crystals may protect both the bacteria from
antibiotics and the crystals from acidic bladder was-
hout solutions intended to dissolve them. Furthermo-
re, the existence of this sessile population explains why
urease-producing bacteria are not invariably detected
in the urine of patients with encrusted catheters. The
observation of this bacterial layer (or “biofilm”) by
scanning electron microscopy provided direct evidence
for infection being implicated in catheter encrustation.
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Introduction

Scanning electron microscopy has been used to show
that encrusting deposits on urinary catheters are
associated with bacteria which colonise the catheter
surface. This observation provides evidence for infec-
tion as the precursor to encrustation and explains why
infections of the urinary tract are so difficult to
eradicate in catheterised patients.

Encrusting deposits consist of a mixture of struvite
(ammonium magnesium phosphate hexahydrate) and
apoorly crystalline form of hydroxyapatite, containing
some carbonate [5, 8, 13]. These minerals precipitate

from urine when it becomes alkaline, as a result of
infection by bacteria (especially Proteus sp.) which
secrete urease [11]. Therefore, it has been proposed
that the aetiology of encrustation is closely similar to
that of “infection stone” formation [14,20]. The eviden-
ce for this proposal is conflicting. On the one hand,
published scanning electron micrographs of four en-
crusted Foley catheters have revealed the presence of
bacteria [2, 18]; on the other hand, Proteus cannot be
detected in the urine of all patients with encrusted
catheters [1, 4, 20]. Examination of a very much larger
sample of catheters by scanning electron microscopy
confirms the importance of bacteria in encrustation
and resolves the apparent conflict in the experimental
evidence.

Materials and methods

Over 50 used catheters were obtained from long-stay geriatric
patients from 4 British hospitals; 32 of these were selected for
detailed examination, for the reasons given below. Six of the
catheters had been stored in phosphate buffered saline, containing
25% ethanol. All catheters were sterilised by %°Co irradiation and air-
dried. No other fixing or dehydration procedures were used, in order
to reduce the opportunities for the introduction of artefacts. This
precaution was important because the specimens consisted of
crystals and biological structures on top of bulky, robust polymers
(latex and/or silicone), which are poor electrical and thermal
conductors. Such inhomogeneous samples are susceptible to damage
from treatments where large temperature gradients might occur (e.g.
freeze-drying and sputtering) and flaking-off of surface deposits
could be expected.

Catheters were cut longitudinally in order to assess the degree of
encrustation on both inner and outer surfaces. Most deposits were
found to occur in the lumen immediately below the catheter eye.
Initially catheters were selected that appeared encrusted to the naked
eye; however, when these were viewed under the scanning electron
microscope, their luminal surfaces were found to be completely
obscured by crystals. It was then impossible to obtain any informa-
tion about the formative stages of the encrustation process. Therefo-
re, catheters were subsequently selected that appeared to be barely
encrusted, and which were of all-silicone or silicone elastomer-
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Fig. 1. Scanning electron micrograph showing the deposit on an
encrusted catheter. Two crystal species can be identified: struvite
crystals are relatively massive and have characteristic Y-shaped
cracks on their faces, whereas hydroxyapatite presents a powdery
appearance, since its individual crystallites are approximately one
thousand times smaller

Fig. 2. Scanning electron micrograph of the luminal surface of a
lightly encrusted catheter. Struvite and hydroxyapatite can be
identified, but here a surface film can be distinguished underneath

Fig. 3. Scanning electron micrograph in which the surface film can be
seen to consist of bacteria, on top of which a crust of hydroxyapatite
is forming. This presents a fibrous appearance due to the impressions
of cocci left in it

Fig.4a,b. Scanning electron micrograph of a surface layer of
bacteria which is several micrometers thick. The zoom picture on the
right hand side (at five times the magnification of the left-hand side
picture) resolves individual bacteria and shows that they are very
closely packed

Fig. 5. Scanning electron micrograph showing impressions of rod-
shaped bacteria in the hydroxyapatite

Fig. 6. Scanning electron micrograph of a struvite crystal enguifed by
the bacterial layer

coated latex construction. These materials have relatively smooth
surfaces on which features such as crystals and bacteria could be
readily distinguished, whereas latex surfaces are usually very rough
and irregular [6]. The features observed on the outer surfaces were
similar to those on the inner surfaces, but they are not considered
here because the outer surfaces would have been subjected to friction
during removal of the catheter. In contrast the luminal environment
would remain undisturbed.

Pieces approximately 35 mmX 5 mm were cut from the catheters
from a region 10cm distal to the eye. They were mounted on
specimen stubs with the luminal surface uppermost. Silver paint or
Leit-C Plast (a conductive plasticine) was applied to ensure good
electrical and thermal contract between the upper surface of the
specimen (a fairly thick insulator) and the stub; both materials were
obtained from Agar Aids Ltd. (Stanstead, Essex, U.K.). Gold
sputtering was carried out using an Edwards S150 sputterer, at a low

sputtering current with specimen cooling. Both of these precautions
prevented overheating, which produced spurious surface cracks.
Specimens were examined in either of two Cambridge Instruments
Stereoscan SEMs (Models 150 and 360) at an accelerating voltage of
20kV and a 45°C specimen tilt.

Results

Figure 1 shows a scanning electron micrograph of a
heavily encrusted luminal surface on which struvite
and hydroxyapatite crystals can be readily identified by
their characteristic appearance [7]. Relatively large
struvite crystals are surrounded by very much smaller
(about 0.2 um) crystallites of hydroxyapatite, which
present a powdery appearance. A three-dimensional
network of the two mineral phases extends into the
lumen. Further precipitation of these minerals would
eventually be expected to block the lumen and prevent
the free flow of urine.

Scanning electron micrographs of lightly encrusted
regions invariably revealed a film of bacteria underly-
ing the mineral deposits. An example is shown in Fig. 2,
where the two mineral components and bacteria may
be clearly seen. Again, blocky struvite crystals are
surrounded by aggregates of much smaller hydroxya-
patite crystallites. Underlying these is a flaking film,
which is composed of multitudes of densely packed
bacteria. At first sight this film could be mistaken for
delamination of the catheter surface. However, at
higher magnifications individual bacteria may be resol-
ved, as in Figs. 3 and 4.

Furthermore, scanning electron micrographs also
reveal an intimate association between bacteria and
hydroxyapatite deposits. In Fig. 3 the hydroxyapatite
crust has a somewhat fibrous appearance because of
the round holes in it. These holes can be seen to be
impressions (rather like footprints) left by cocci that



had existed within the crust. The association between
bacteria and hydroxyapatite deposition is clearly
shown in Fig.5, where “footprints” of rod-shaped
bacteria are apparent. Because the hydroxyapatite
particles are so small, it gives the appearance of a
continuous medium in which bacterial impressions are
cast — just as the fine particles of plaster of Paris enable
it to be used to produce detailed castings of larger
features.

Bacteria may also engulf crystals once they have
formed. Figure 6 shows the film of bacteria covering a
struvite crystal. This process would be expected to bind
the crystals of both minerals together, and to help bind
a growing deposit of encrusting minerals to the cathe-
ter surface. Indeed, such layers containing closely
packed bacteria have frequently been observed to grow
to a thickness of several micrometers; Fig. 4 provides
an example.

Discussion

It was clear that bacteria had colonised the surfaces of
nearly all the catheters examined; this observation
provides direct evidence to substantiate the view that
the aetiology of encrustation is similar to that of the
formation of infection stones [14, 20]. The sequence of
events would then be: (i) bacteria colonise the catheter,
(ii) bacteria secrete urease, (iii) urease hydrolyses urea
in the urine to form ammonia, (iv) the urine becomes
alkaline, and (v) struvite and hydroxyapatite are
deposited [11]. It is established that struvite and
hydroxyapatite are precipitated from alkaline urine
[10, 16], and that catheters can be encrusted in vitro by
the addition of urease to artificial urine [9, 17}
Nevertheless, previous evidence for this sequence has
tended to be incomplete or indirect; it has included
comparisons of pH [20] and bacterial counts [21] for
urine from recently inserted and used catheters, cultu-
ring bacteria from the outer surfaces of used catheters
[15], and analysing the chemical composition of the
encrusting deposits [5, 8, 13]. Scanning electron mi-
croscopy provides direct evidence for the association of
bacteria with the encrusting deposits.

The thick layer of bacteria which colonises the
catheter surface appears not only to precede mineral
deposition but also to bind the crystals together as
encrustation proceeds. Thus the bacteria could stabili-
se the growing layer of encrusting deposits, leading to
eventual blockage of the catheter. A similar layer was
observed previously in an examination of a single used
catheter, where it was described as a “bacterial biofilm”
[18].

The formation of a thick layer of bacteria also
indicates that the luminal surface of the catheter offers
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a suitable substrate for colonisation, as well as a
relatively protected environment for further growth.
The difficulty in eradicating bacterial infecitons of the
urinary tract in catheterised patients [14] is, therefore,
not surprising. An alternative explanation, that residu-
al urine is responsible for the persistence of infection
[22], appears less important — given the thickness of the
bacterial layer on the catheter itself. Indeed, it has been
shown that systemic antibiotics have little effect on the
bacteria present on the catheter surface [15]. It has
been suggested previously that bacteria are implicated
in forming a matrix which external agents have difficul-
ty penetrating [18]. Changing the catheter would
appear to be an important part of the treatment of
persistent infection.

However, there have been various reports that
urease-producing bacteria are not invariably cultured
from urine samples obtained from catheterised pa-
tients [1, 4, 20]. One explanation for this anomalous
result is that the urease production is due to organisms
such as Ureaplasma urealyticum [12] or Corynebacte-
rium sp. [23], which are not usually detected by
conventional bacterial culture methods. Another is
that, since the population distribution of bacterial
strains present in urine is known to fluctuate with time
[3], the urease-producing organisms responsible for
encrustation are no longer present at the time of
sampling. Our results suggest that a more likely reason
is that the bacteria remain associated with the catheter
surface, in a thick layer, and so may not be detected in
the urine. Localised urease production from within
such a layer has been demonstrated in the formation of
experimentally induced bladder stones in rats infected
with Proteus sp. [19].

In conclusion, the existence of thick layers of
bacteria on the luminal surfaces of the catheters
provides direct evidence for infection being involved in
the encrustation process. The existence of this sessile
population offers an explanation as to why bacteria are
not invariably found in the urine of patients with
encrusted catheters. It also shows how the constituent
bacteria may be protected from the effects of antibio-
tics, not only because they lie deep within this film but
also because they may be incorporated within the
hydroxyapatite. Conversely, the bacterial layer may
protect the mineral components from acidic bladder
washouts which are intended to dissolve them. The
affinity of bacteria for polymer surfaces is therefore the
primary reason for catheter encrustation.
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