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Abstract

Ultra-high molecular weight polyethylene (UHMWPE) has a low X-ray attenuation; hence, the performance of
the polyethylene implants used for joint replacements cannot be directly investigated using X-ray-based imaging
techniques. In this study, the X-ray attenuation of polyethylene was increased by diffusing an FDA-approved
oil-based contrast agent (Lipiodol Ultra Fluid) into the surface of the samples, and the suitability of this novel
radiopaque UHMWPE for clinical applications was examined. Different levels of radiopacity were created by
controlling the diffusion parameters, and the level of radiopacity was quantified from CT scans and reported in
Hounsfield units (HU). The physical, chemical and tensile properties of the radiopaque UHMWPE were exam-
ined and compared to untreated and thermally treated controls. The results of this study confirmed that for the
samples treated at 115◦C or less the diffusion of the contrast agent did not significantly alter the crystallinity
(p=0.7) or melting point (p=0.4) of the polyethylene. Concomitantly, the tensile properties were not signifi-
cantly different from the control samples (p>0.05 for all properties). In conclusion, the radiopaque UHMWPE
treated for less than 18 hours at a temperature of 115◦C or below is a promising candidate for joint replacement
applications as it can be identified in a standard X-ray while retaining the tensile properties of clinically used
radiolucent UHMWPE.
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1 Introduction

Ultra-High Molecular Weight Polyethylene (UHMWPE) is the articulating material used in the majority of
joint arthroplasties. Clinical studies on joint replacements have showed that on average the revision rate for hip
and knee replacements at 14 years is 6% [1]; but despite the overall success of the procedure, the polyethylene
bearing can dislocate (3.3% of partial knee replacement failures), fracture (2.2%) and severely wear (4%) [2].
Informed post-operative follow-up and evaluation of the clinical performance of a polyethylene part could lead to
early diagnosis of such failures, which would benefit patient outcomes. Currently, the early diagnosis of failure,
particularly of all-polyethylene components, can be challenging as the UHMWPE part cannot be identified on
standard radiographs [3].

There are a few ways to monitor the position and condition of the polyethylene bearing from post-operative
radiographs, but none of these collects the information directly from the polyethylene implant. Some polyethy-
lene prostheses contain radiopaque metallic markers, which are positioned within the bearing; however, the
radiopaque marker can increase the risk of polyethylene fracture [5]. Radiopaque markers can aid the identifica-
tion of some complications such as dislocation and fracture, but not issues such as wear or creep. In-vivo wear
progression of polyethylene bearings is often inferred from the metallic parts in contact with the polyethylene
components [6]. For example, in hip replacements the wear can be calculated based on the total penetration
of the femoral head into the acetabular cup on radiographs [7, 8]. Similarly, in knee replacements, to examine
the wear, the minimum distance between the femoral condyles and the tibial plateau can be measured [9]. A
major limitation of relying on the metallic components to indirectly assess the polyethylene state, is that these
measurements require a weight-bearing radiograph, which is often not used clinically, and the calculated wear
also includes creep and bearing compression [10]. Furthermore, mild and moderate wear are often difficult to
identify as the measurements are often from a single-source X-ray image. The interpretation of a single source
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Table 1: The following experiments were conducted to examine the physical, chemical and mechanical properties
of radiopaque UHMWPE

Test type Samples type Investigated properties

Tensile testing ISO-572 Annex A 1AB tensile Tensile properties
Thermal properties (DSC) Cuboid 10×10×4 mm Cystallinity and melting point
Oxidation properties (FTIR) Cuboid 10×10×4 mm Oxidation
Radiopacity (CT scan) Cuboid 10×10×4 mm and ISO 1AB tensile Lipiodol uptake
Gravimetric changes ISO-572 Annex A 1AB tensile Lipiodol uptake

radiograph are dependent on imaging angle and the patient position [11], double source radiographs are also an
option but relatively few hospitals are equipped with stereo-imaging systems.

The current study investigates the possibility of using a novel radiopaque UHMWPE as an alternative. We
hypothesised that the radiopacity can be increased by incorporating an oil based contrast agent (Lipiodol
Ultra Fluid) into UHMWPE. Due to the oily nature of the fluid, the contrast agent can be diffused into the
polyethylene part using an elevated temperature.

Lipiodol Ultra Fluid (hereafter Lipiodol), also known as ethiodized oil, is an iodised-poppy seed oil which is a
pale yellow oily fluid. The fluid changes colour when it is thermally treated. In Lipiodol the carbon-carbon
double bond is saturated using iodine; hence the oil can be detected with a standard X-ray. This contrast agent
has FDA-approval and is often used in diagnostic and interventional radiography [4, 12, 13]. The density of
Lipiodol is 1.28 g/cm and 1 ml of solution contains 480 mg of iodine (37% w/w) [12]. The fluid only contains
naturally occurring unsaturated fatty acids [12]. The predominant fatty acid in poppy seed oil (the precursor
for Lipiodol) is a triglyceride; the fluid also contains other lipophilic ingredients such as Linoleic acid side chains
(60-70%), tocopherols and α-tocopherol (vitamin E).

When considering a new polyethylene, patient safety is paramount, so it is essential that the properties of the
new polyethylene are thoroughly investigated to ensure it is equivalent to currently used polyethylene. Other
oil-based fluids (e.g. vitamin E) have been incorporated into medical grade UHMWPE and used clinically. The
presence of vitamin E led to no significant alteration in the tensile properties of the polymer and improved aging
properties, but an increased ductility and creep has been reported [14, 15] and there is potential for similar
observations with Lipiodol-infused polyethylene. For vitamin E polyethylene these effects have been mitigated
through optimised diffusion protocols including a homogenisation step which leads to more even distribution of
vitamin E throughout the part, and γ-irradiation to increase crosslinks in the polymer [17].

The aim of the current study was to examine the effect of Lipiodol on the physical (dimensional and thermal),
chemical (crystallinity and oxidation) and mechanical (tensile) behaviour of medical grade UHMWPE (GUR
1050).

2 Materials and methods

The experiments were designed to answer the following questions:

• Do the treatment conditions (temperature and time) correlate with Lipiodol uptake?

• Does the Lipiodol treatment lead to any alteration in the physical properties (weight, colour, dimension
melting point, or radiopacity)?

• Does the Lipiodol treatment significantly change the chemical properties (crystallinity or oxidation)?

• Does the Lipiodol treatment lead to any changes in the tensile properties (modulus, elongation at break,
ultimate tensile strength)?

2.1 Sample preparation

Tensile test specimens were machined based on ISO-572 Annex A, type 1AB [18]. All the samples were made
from un-irradiated medical grade UHMWPE manufactured from GUR 1050 moulded UHMWPE sheets 160 mm
square and 4 mm thick from (Celanese, Oberhausen, Germany). A sheet of GUR 1050 was also cut to small
cuboids of 10 mm by 15 mm by 4 mm, for oxidation and crystallinity analysis. Table 1 summarises the type of
samples used for each experiment (5 repeats for all tests).
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Table 2: Treatment conditions and the number (n) of repeats used for each study

Time Temperature (◦C)
(h) 85 105 115

12 n=5
18 n=5 n=5 n=5
24 n=5

Table 3: Main bands identified in the FTIR spectrum of Lipiodol.

Peak (cm−1) Functional group

1263 [31] Phenolic C-O (tocopherols), methyl
ester, (C-O-C)

1730 [33] Ethyl ester (due to starching the
carbonyl group)

2900 [21] Phythyl chains (tocopherols) sym-
metric (C-H)

3050 [31] v(C-H), v(=CH)

2.2 Lipiodol diffusion

Samples were immersed into 25 ml of Lipiodol for either 12 h, 18 h or 24 h and a range of elevated temperatures
(from 85◦C to 115◦C) was applied to facilitate the diffusion. Preliminary results [3] showed temperatures above
120◦C caused oxidation (supplementary data) and changed the crystallinity of the polyethylene. Therefore,
in this study, diffusion temperatures were kept below 120◦C. All treatment temperatures were therefore also
below the melting point of polyethylene (135 ± 2◦C) so preserved the crystalline content [19]. The different
combinations of treatment temperatures and times examined are summarised in Table 2. After treatment the
samples were allowed to cool down to ambient temperature and wiped with a lint-free tissue to remove any
excess Lipiodol from the surface.

Samples held at 105◦C for 18 h but not immersed in Lipiodol were used as thermal controls to assess the impact
of the Lipiodol treatment independently of temperature. For the tensile tests untreated control samples without
thermal treatment were also tested, representing virgin uncrosslinked polyethylene.

2.3 Determination of Lipiodol content from gravimetric change

The weight of all samples was measured using a digital scale (Mettler Toledo XP205, Ohio, US) before and
after the treatment. The effect of thermal treatment on the weight of the samples was also recorded. This
information was used to calculate the percentage of gravimetric change in the samples due to the absorption of
Lipiodol.

2.4 Determination of Lipiodol content using FTIR

A thin slice (approximately 200 µm thick) was sectioned using a sledge microtome (MSW-106SM, India) from
the surface of the samples. A Thermo Scientific spectrometer (Magna 560 IR, Nicolet, Massachusetts, United
States) was used to obtain the FTIR spectra in transmission mode. An average of 32 scans was taken for each
section from 4000 to 600 cm−1. The Lipiodol concentration was calculated from the areas under the Lipiodol
absorbance peak at 1728 cm−1 (Figure 1). This peak was assigned to Lipiodol as it was present in all the
spectra of pure and diluted solutions of Lipiodol. Peaks between 1730 to 1750 cm−1 are due to the ester group
(Lipiodol is the ethyl ester of poppy seed oil (Table 3). The exact position of the peak depends on the functional
groups attached to the ester group. Lipiodol contains iodine, and the presence of an electronegative group can
shift the peak by 15 cm−1 [21]. The area under the peaks was compared to the calibration curve made from
the known solutions of Lipiodol, and the concentration was calculated using Beer-Lamberts law [21].
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Figure 1: The FTIR spectra of pure Lipiodol, untreated UHMWPE and radiopaque UHMWPE. The peak
located approximately at 1730 cm−1 indicates the ester group in Lipiodol; this peak can be identified in the
Lipiodol and radiopaque UHMWPE spectra.

2.5 Radiopacity measurements

Each sample was imaged using a µCT scanner (X Tec, XT H 225 ST, Nikon Metrology UK Ltd, Derby, UK);
scanning protocols were the same for all samples (162 kV, resolution 0.2 mm). Analysis of the CT data was
performed using Simpleware ScanIP (Version 2017, Synopsys, Inc., Exeter, UK). Water, air and untreated
polyethylene were used for calibration to calculate the Hounsfield units (HU) [20].

2.6 Melting point and crystallinity measurement

Differential scanning calorimetry (DSC) was used to determine the melting point and the degree of crystallinity
of UHMWPE (n=5). Approximately 2.0 mg of each sample was taken from the outer surface of the samples
and then was analysed (DSC 250, TA Instruments, Delaware, United States). The pan was crimped with an
aluminium cover. The testing was conducted from 20◦C to 180◦C at a heat flow of rate 10◦C/min under a
nitrogen purge. TA Universal Software (Version 4.5) was used to analyse the data and calculate the degree of
crystallinity using the following steps:

• The endothermic peak was integrated from 50◦C to 160◦C to find the enthalpy of fusion of the sample.

• The enthalpy of fusion obtained was then normalised with the heat of fusion of pure UHMWPE (289 J/g,
[23])

2.7 Determination of oxidation using FTIR

The FTIR spectra obtained from the polyethylene slices were also used to calculate the oxidation index according
to ASTM F2102 [22]. There are different peaks, which signify the oxidative degradation such as the transvinylene
peak at 965 cm−1 or carbonyl absorption peak at 1720 cm−1. The oxidation index (OI) is the area under the
carbonyl absorption peak divided against the peak due to the methyl stretch at 1396 cm−1 [22]. The standard
method of calculating the oxidation index requires using the carbonyl peak which is located around the same area
as the peak representing the Lipiodol. Hence, we were unable to calculate the oxidation index of samples but to
ensure there was no significant oxidation reaction, each spectrum was checked for other oxidation by-products
(transvinylene) at 950 cm−1.
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Table 4: Influence of Lipiodol diffusion temperature on Lipiodol uptake and physical properties (mean ±SD)

Temperature
(◦C)

Volume
change
(%)

Weight
change
(%)

Lipiodol
conc.
(%v/v)

85 1.6 ±0.4 2.0 ±1.1 0.9 ±0.4
105 6.5±1.5 4.7 ±1.0 5.8 ±1.9
115 26.5 ±3.1 29.9 ±3.5 19.8 ±3.6
105-Control 0.1 ±1.7 - 0.3±2.0

2.8 Tensile mechanical testing

Tensile tests were conducted at room temperature (∼20◦C) in accordance with ISO-527 [18] using an electrome-
chanical test machine (Instron 5965) at a rate of 50 mm/min. The tests were carried out with virgin UHMWPE,
thermally treated UHMWPE and Lipiodol treated UHMWPE. Five specimens per condition were tested to ob-
tain tensile modulus (E), 0.2% yield strain, ultimate tensile strength (UTS) and elongation at failure. The
raw data were processed by a custom Matlab code (R2012a, Nattick, Massachusetts, United States) to extract
tensile properties. The calculations were conducted as specified in the standards. The initial displacement
(first 10 seconds, equivalent of approximately 0.3% strain) data was measured using a high-speed camera (DFK
33UX290, Imagingsource, Germany).

2.9 Statistical analysis

Sample groups were compared using a Kruskal-Wallis test and multiple pairwise comparisons where applicable;
a p-value less than 0.05 was considered statistically significant. Statistical analysis were performed using IBM
SPSS software (Version 25, IBM, New York, USA).

3 Results

The physical, chemical, and tensile properties of the radiopaque UHMWPE were examined and compared to
untreated controls to investigate the suitability of the radiopaque polyethylene for clinical applications.

Gravimetric change and infrared spectroscopy were used to estimate the Lipiodol intake (Table 4). The Lipiodol
treated samples significantly increased in weight (up to 30%), whereas the weight change of the samples only
treated thermally was as low as 0.5%. The Lipiodol concentration measured using FTIR (Figure 1) showed
that there was a linear correlation between the Lipiodol concentration and weight change, with a Pearson’s
correlation coefficient of 0.983. The lowest amount of Lipiodol detected in the treated samples by FTIR was
0.3% v/v, which was for the samples treated at 85◦C, and there was a power relationship between temperature
and Lipiodol concentration. A significant alteration was also observed in the dimensions (up to 27% volume
increase) of the samples (Table 4, Figure 4), and the colour of the samples changed from white to dark yellow
or dark grey, depending on the treatment temperature and duration.

The radiopacity level was increased by the treatment and was directly correlated with Lipiodol intake (Figure 2,
Figure 3). X-ray attenuation can be directly correlated with the mass thickness (mass per area), and a linear
relationship was seen between the radiopacity level and gravimetric change (Figure 3, Pearsons correlation
coefficient of 0.921).

The DSC results found that there was no significant change in the melting point (p=0.4) or the crystallinity
(p=0.08) of the radiopaque polyethylene (p=0.4) (Figure 4) indicating no alteration in the thermal properties
of polyethylene after the Lipiodol treatment.

The study also investigated the oxidative stability of the samples after the treatment. The FTIR spectra showed
the treatment did not cause oxidation in the samples within 24 hours of the treatment. The oxidation index of
thermally treated samples were between 0.2-0.4. Based on the current standard [22] oxidation index less than
one confirms that the polyethylene is suitable for clinical applications.

The effect of time and temperature on the tensile properties of the radiopaque polyethylene was investigated.
The modulus and the 0.2% yield strain of the samples treated at 115◦C for 18 hours were significantly lower
than the untreated samples (modulus: p=0.01, yield: p=0.04), and there was a reducing trend in the modulus
of the samples as the treatment temperature increased (Figure 5c). The correlation coefficient of the line was
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Figure 2: Treatment with Lipiodol increased the radiopacity of the samples and this was dependent on treatment
temperature and time, as demonstrated by a) a CT scan slice through the centre of UHMWPE samples treated
at 105◦C for 12 h and 24 h; the white regions indicate the presence of Lipiodol, and b) the correlation between
Hounsfield unit and treatment temperature.
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Figure 3: The level of radiopacity linearly correlated with gravimetric changes (R2=0.921)
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Figure 4: No significant change was observed in a) the crystallinity (p=0.08) or b) the melting point (p=0.4)
of the treated samples compared to the untreated controls.

-0.9, which suggests a negative monotonic correlation between the modulus of the samples and the concentration
of Lipiodol. The elongation at failure increased with temperature at a rate average of 30% (Figure 5g). The
effect of the treatment duration on the tensile properties was also examined. As Figure 5f shows, the ultimate
tensile strength of the samples increased significantly at 24 hours (p=0.046). The other tensile properties of
polyethylene (elongation at failure p=0.052, yield p=0.15 and modulus p=0.09) of the samples were not affected
significantly by the treatment duration.

4 Discussion

This study investigated a novel UHMWPE for medical applications, which has a significantly higher radiopacity
than conventional polyethylene. The increased radiopacity was due to the presence of an FDA approved radio-
contrast agent called Lipiodol, which is an iodised oil. Thermal treatment is necessary for the diffusion and to
obtain enough Lipiodol throughout a component to be able to identify the part in a radiograph. However, the
thermal treatment can potentially alter the part dimensions, crystallinity and tensile properties [25]; Hence, to
ensure patient safety, it is crucial to prevent any significant alteration in the material and mechanical properties
of this novel radiopaque polyethylene. This study fully characterised the physical, chemical and mechanical
properties of the novel UHMWPE. It was important to distinguish between changes due to temperature and
those due to the Lipiodol treatment, so heat treated control samples were used.

The degree of the crystallinity is one of the most important properties of UHMWPE as it directly influences
the tensile properties of the part. The thermal treatment can alter the crystallinity [25]; a reduction in the
degree of crystallinity causes a higher risk of oxidation and oxidative failure, while an increase of degree of
crystallinity increases the brittleness of the polyethylene, and makes the polyethylene part less suitable for
load-bearing applications [27]. The results of this study found that none of the treatment conditions altered
the studied thermal properties of UHMWPE. This agrees with studies on vitamin E incorporated UHMWPE
(the only other example of an oil-infused medical polyethylene) which showed no difference in crystallinity after
treatment [16].

However, the treatment with Lipiodol caused an overall increase in the ductility of polyethylene which was
identified by a reduction in the modulus and an increase in the region of ductile deformation in the stress-
strain curve (increased elongation at break) [28]. This alteration was not seen in the control samples treated
only with temperature, indicating that the Lipiodol is cause of these alterations. Many studies have correlated
changes in ductility to changes in crystallinity, recrystallisation or the molecular weight of the polymer [23, 30],
however, as mentioned; there was no evidence of alteration of these properties. A similar plasticising effect
has been reported for vitamin E polyethylene, and has been explained by alterations in the crystal structure of
polyethylene in the presence of an oil. Oral et al. [29] reported that the pressure-temperature phase diagram of
polyethylene is altered by the presence of vitamin E [29]. The crystalline regions formed in the hexagonal phase
are less dense than those in orthogonal phase; this allows greater mobility and diffusion of chains in a specific
direction leading to changes in the crystalline structure, and hence the mechanical properties without changing
the degree of crystallinity. Oral et al. demonstrated that this effect can be mitigated through irradiation-induced
crosslinking [26]; a similar approach may be successful for the radiopaque polyethylene.

The ultimate tensile strength (UTS) of polyethylene was found to be unaffected by the treatment temperature
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Figure 5: The temperature of the treatment changed the modulus at 115◦C (p=0.013) and yield strength
(p=0.04) but the ultimate tensile strength (UTS) (p=0.24) and elongation at failure (p=0.1) of the samples
were not statistically different. The treatment duration, however, changed the material properties only when
the duration exceeded 24 hours (modulus (p=0.093), UTS(p=0.02)). No changes were observed in the yield
(p=0.159) and elongation at failure (p=0.2).
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and duration. This is encouraging as it has been proven that a reduction in UTS indicates the reduction of
the fatigue resistance [28]. However, the fatigue properties of this radiopaque polyethylene still need to be
investigated and is planned as part of future work.

The mechanical test results had unusually high variation in properties such as UTS and yield; this was noticable
for the untreated control samples as well as the treated radiopaque samples. A possible explanation is the
anisotropic properties resulting from compression moulding; the samples were cut from a small moulded sheet
(160 mm by 160 mm) and greater crystalline alignment will occur at the edges [32] causing inhomogeneity in
the sample set. Although the variability is high, the results for the control samples without thermal treatment
are consistent with that published for uncrosslinked UHMWPE [?].

It was also observed that there was a significant dimensional change in the Lipiodol treated samples. Some of
this change could be attributed to the release of residual stresses from the previous manufacturing steps (e.g.
moulding), but the samples treated only with temperature showed 0.1% increase indicating dimensional changes
from residual stress were comparatively minor. One possibility is that the majority of the swelling observed is
due to the accumulation of Lipiodol in the surface of the samples. In the similar cases (diffusion of vitamin E)
an extra homogenisation process was added to allow the oil to move from the surface throughout the sample
which reduces a small part of the dimensional change [26]. Provided this expansion is known, and it can be
taken into account during the design of an implant or additional machining stage added after treatment to meet
required tolerances.

Finally, we acknowledge the limitations of this work. The results of this study cannot be directly compared
with other studies. This because the mechanical properties of polyethylene is controlled by molecular weight,
crystal alignment and the uniformity of the resin powder during the consolidation [30], hence changes in the
mechanical properties cannot be immediately attributed to any alteration in material structure caused by the
contrast agent [23]. Furthermore, micro-dogbone (ISO-572- Annex A) samples were used for this study and
some studies have suggested that smaller test samples can lead to size-dependent properties.

5 Conclusion

This study has demonstrated that it is possible to significantly increase the radiopacity of medical grade
polyethylene through the diffusion of iodised oil, enabling improved implant follow-up of joint replacement
complications such as dislocation and wear. The optimal treatment conditions were when the polyethylene was
immersed in iodised oil at 105◦C for 18 hours; which resulted in a radiopacity of approximately 500 HU with no
significant change in crystallinity, melting point, tensile strength, yield, elongation at failure or oxidation, when
compared with standard untreated polyethylene. However, the iodised oil caused a plasticising effect at temper-
atures and times in excess of the optimum conditions (increased elongation and decreased modulus) highlighting
the importance of careful selection of treatment conditions; it may be possible to mitigate these effects through
crosslinking. In summary, the radiopaque polyethylene has shown promising mechanical properties for joint
replacement applications. To further assess the safety of this novel material for medical applications, future
work will examine the influence of longer term loading (fatigue and creep) and aging of the polyethylene in in
vivo conditions.
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