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Abstract
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Pre-filled syringes (PFSs) are commonly used for parenteral delivery of protein therapeutics. In
PFSs, the inner surface of the syringe barrel is typically coated with silicone oil for lubrication.
The total amount of silicone oil as well as its distribution can impact syringe functionality and
particle formation. However, methods to non-destructively characterize the silicone oil distribution
are limited. In this paper, we developed a method to visualize and quantify the relative distribution
of silicone oil in unfilled syringes using a custom-built multi-color interferometric imaging
system. We then applied the system in a preliminary study to investigate the impact of the silicone
oil distribution on the number of particles formed in solution after filling and extrusion for two
different types of syringes. The syringe type with significantly lower particle counts also exhibited
significantly more homogeneous silicone oil distributions. Within syringe types, no significant
association was found between silicone oil distribution and particle formation. Our method can be
used in further studies that investigate the impact of syringe siliconization on PFS functionality
and particle formation.
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1.

Introduction
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Glass prefilled syringes (PFSs) have been increasingly adopted for parenteral drug storage
and delivery of therapeutic protein formulations. In comparison to traditional vials, PFSs
offer many advantages for drug delivery, such as decreased risk of contamination, improved
ease of handling, and increased dosage consistency [1]. To improve the functionality of glass
PFSs, the stopper and inner surface of the barrel are often coated with silicone oil that serves
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as a lubricant to reduce injection force, ensure smooth injection, and prevent incomplete
drug dosage.
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Both the total amount of silicone oil as well as its distribution can impact PFS functionality.
Insufficient siliconization can lead to stalling [2, 3], whereas excessive siliconization can
lead to increased level of particles [4]. Apart from the total amount, the silicone oil
distribution also plays an important role for myriad reasons. Mechanically, heterogeneous
distributions can result in uneven gliding forces and incomplete drug dispensation [3].
Functionally, the silicone oil distribution may also impact the formation of both sub-visible
particles (SbVP) and visible particles. Silicone oil droplets can form from oil sloughed off
the coating [2, 5]. The silicone-water interfaces can serve as sites for protein adsorption,
which can result in loss of product and increased protein aggregation and particle formation
[2, 6, 7]. Uneven oil distributions may thereby impact particle formation by providing a
larger interfacial surface area for silicone oil migration and protein interactions [8, 9]. The
uneven distribution can also expose areas of glass to the protein formulations, providing yet
another interface for protein adsorption and aggregation [10].
Limiting particle formation is important in the design and manufacturing of PFSs due to
compliance and product quality reasons. Global pharmacopoeias regulate the number of
SbVPs larger than 10μm and 25μm in injectable therapeutic products [11-13]. Although
currently unregulated, SbVPs in the range of 0.1 μm to 10μm are of growing interest due to
their potential immunogenicity [14, 15].
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Currently, pharmaceutical companies fill a batch of syringes with drug product and test the
particle counts of a subset as part of product release and stability programs. If the particle
counts exceed regulation, a deviation is opened to systematically investigate root causes,
determine product quality impact, and if required, generate corrective actions. Based on the
outcome of the investigation, actions up to and potentially including batch rejection will be
taken as appropriate. This is a very time- and resource- intensive approach. If a correlation
between silicone oil distribution in an unfilled syringe and particle counts exists, it could be
beneficial in improving quality and reducing waste. Thus, monitoring the silicone oil
distribution is important, not only for mechanical functionality, but also for regulatory
compliance and economic reasons.
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Methods to investigate the silicone oil layer distribution in unfilled PFSs are limited. A
common method for measuring oil layer thickness is white-light, thin-film interferometry
[8]. Existing instruments measure the silicone oil layer thickness at discrete points and
interpolate to get the overall thickness [8]. Thus, these methods require a large amount of
sampling to adequately map out the oil topology. Other techniques include confocal Raman
spectroscopy, 3D laser scanning microscopy, and the powder method. Confocal Raman
spectroscopy determines the presence of silicone oil but not the relative evenness in the
distribution [3]. 3D laser scanning microscopy is able to measure the thickness distribution
but requires destructive sample preparation [16]. The powder method allows for a rough
visualization of the silicone oil layer but is destructive and requires a sufficiently thick
silicone oil layer [8]. These methods are challenging to use for routine analysis of the
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silicone oil layer distribution due to their long time requirements, limited sensitivity, and/or
destructive nature.

Author Manuscript

As an alternative to direct topological measurements, we developed a technology to nondestructively visualize and quantify the heterogeneity in the oil distribution in unfilled
syringes. In contrast to the aforementioned methods, our method is not focused on
measuring the oil layer thickness or presence of silicone oil, but in quantifying the relative
evenness in the distribution. A multi-color interferometric imaging system was designed to
visualize the relative distribution of the silicone oil layer. The heterogeneity in the
distribution was quantified from the captured interferograms using two parameters that we
developed: the number of spots and the heterogeneity percent. After verifying the system
performance, we applied our system in a preliminary study to investigate the impact of the
silicone oil distribution on particle formation. As opposed to existing interferometric
methods, our method is capable of measuring the relative heterogeneity of the silicone oil
layer non-destructively within the full field-of-view of the camera, thereby allowing for
greater surface measurement in a shorter time.

2.
2.1.

Materials and Methods
Syringe Samples
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This study used two types of commercially available, 2.25 mL, siliconized, glass syringes
(Becton, Dickinson, and Company, NJ, USA). These syringes were siliconized using two
different methods: with a fixed nozzle and with a diving nozzle. In this manuscript, these
syringes will be referred to as PFS-F (prefilled syringe – fixed nozzle) and PFS-D (prefilled
syringe – diving nozzle). The syringes were sealed with a rubber stopper in a clean room and
stored needle side up in their original containers.
2.2.

Multi-Color Interferometric Imaging System
The multi-color interferometric imaging system that was used to visualize the distribution of
silicone oil was built by modifying an inverted, reflected-light microscope (Olympus IX-81).
A simplified schematic showing the main components of the optical setup is provided in
Figure 1A. The light source consisted of a white LED source (Prior Scientific LDB100F)
that was filtered by a three-wavelength bandpass filter (Semrock FF01-457/530/628-25)
chosen to match the quantum efficiency of the RGB channels of the camera (The Imaging
Source DFK 38UX267).
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The light source was transmitted to the syringe by a pair of lens and a beamsplitter. The
back-reflected light from the syringe was collected by an objective lens (Olympus
LMPLFLN 10x) and relayed to the camera. The detected light contained the interference
pattern generated from light back reflected off the oil/glass and oil/air interfaces on the inner
aspect of the syringe and thus provided a visualization of the oil distribution.
The imaging system had a lateral resolution of about 1.10μm. To correct for defocus due to
the curvature of the syringe, the vertical field of view was reduced; the total area imaged was
about 0.6mm by 1.4mm (550 x 1024 pixels).
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2.2.1. Syringe Holder—A custom mount was designed to hold the syringes (Fig. 1B,C).
The syringe rested on two brass rods which were attached to a rectangular annulus via
vertical mounts that extended from the bottom of the plate. The system imaged the inner
surface of the syringe through a 4.5 mm gap between the rods.
The rods were connected to each other at one end by a belt system. One of the rods was
connected to a motor shaft (Lin Engineering, #208) on the other end. The stepper motor
controlled the rotation of the two rods and the syringe.
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The syringe holder was designed to sit flush inside a Prior Scientific H117 stage that
controlled the lateral position of the syringe. An Olympus UX Hub controlled the vertical
height of the objective lens and a separate driver (Lin Engineering R256) controlled the
rotation motor. The holder was designed such that each syringe was imaged from the same
starting position, which was approximately 7.5mm from the syringe flange.
2.2.2. Imaging Procedure—A software program was written to control the microscope
hardware and perform the imaging. The user specified what fraction of the inner surface of
the syringe to image. From this user-specified fraction, or percent coverage, the number of
angular lines (images at different rotations) and images per line (images along the barrel)
were computed to best evenly sample the inner surface of the syringe.
Prior to imaging, the relative height and tilt of the syringe barrel was first determined using
an autofocus algorithm. The relative height of the syringe at a specific point was determined
by acquiring a series of images with the objective lens positioned at different heights (z-axis
position). For each image in the series, a focus metric based on image sharpness [15] was
computed to find the most in-focus image.
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This autofocus procedure was performed at discrete points along the barrel in order to
estimate the tilt in the syringe barrel. To reduce overall imaging time, three test points,
evenly distributed from flange to needle end, were chosen per rotation. The autofocus
procedure provided a linear estimate of the vertical and horizontal tilt in the syringe. During
imaging, this linear model was used to adjust the height of the objective lens relative to the
syringe to keep the detected interference patterns in focus.
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For imaging, the system first translated the syringe laterally, acquiring images along the
barrel. After acquiring a line, the system returned to the starting position and then rotated the
syringe to acquire another line. The autofocus procedure was repeated between successive
rotations to reduce potential errors due to eccentricities in the syringe’s profile. The acquired
interference images were saved for further processing to quantify the heterogeneity in the oil
distribution.
2.3.

Quantification of Oil Distribution Heterogeneity
Two different metrics were developed to quantify the amount of heterogeneity in the silicone
oil distribution: the number of spots and the heterogeneity percent.
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2.3.1. Number of Spots—The first parameter, the number of spots, quantified the
number of dark objects within each interferogram. Objects of low intensity were found at the
center of circular fringes (Figure 2A). Quantifying the number of spots in an interferogram
could provide an estimate for the amount of heterogeneity in the oil distribution.
Prior to detecting the spots, a calibration image was first used to remove spots that were the
result of imperfections or dirt in the imaging system. Then, for every point in the image, the
standard deviation within a local 74μm2 window was computed. Since dark spots are
surrounded by fringes, the standard deviation in these areas would be high. The remaining
objects were thresholded by size (≥15μm2), eccentricity (< 0.96), and intensity. Figure 2B
shows the automatically detected spots in a sample fringe image.
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2.3.2. Heterogeneity Percent—The second parameter, the heterogeneity percent,
quantified the amount of gray-scale intensity variation in the image. The color and intensity
of an interference pattern depends on the local thickness of the interrogated area. Thus, an
interferogram of an evenly distributed oil layer has smaller changes in intensity compared to
an interferogram of a more heterogeneous oil distribution. To quantify this, each image was
first filtered using a quadrature filter [18] to reduce noise while maintaining the fringe
pattern. Next, the image was divided into windows of 75 by 75 pixels, and the standard
deviation of the pixel intensities within each window was computed. The heterogeneity
percent was determined by computing the fraction of windows that had a standard deviation
above a pre-determined threshold. This was reported as the fraction of the image, in percent.
2.4.

Particle Counting

Author Manuscript

The number of SbVPs in the solution was quantified using a Microflow Imaging™ (MFI™)
DPA4200 particle analyzer (Protein Simple). After the solution was extruded from the
syringe through the needle, it was degassed in a vacuum chamber to remove air bubbles. The
MFI™ was then loaded with 1 mL of this degassed, extruded solution. From this 1mL, the
particles contained within 0.5-0.6 mL were counted. The MFI™ View Analysis Suite
software distinguished counts by radii of 1, 2, 5, 10, 25, and 50μm. Since the MFI™ results
indicated that the detected particles were predominantly spherical, all measured particles
were assumed to be silicone oil droplets for our analyses.
2.5.

Method Development
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We first investigated the repeatability and required percent coverage to accurately quantify
the silicone oil distribution. For repeatability, an unfilled syringe was imaged five
consecutive times at 100% coverage (46 angular lines, 29 images per line). The syringe was
re-loaded to a different starting rotation prior to each consecutive repetition.
To determine the impact of percent coverage on the error in estimating the heterogeneity in
the silicone oil distribution, 10 unfilled syringes (5 each from PFS-F and PFS-D) were
imaged at 100% coverage. For each syringe, the acquired dataset was sub-sampled to
simulate a smaller percent coverage. 9 unique sub-sampled datasets were used to estimate
the percent error for each percent coverage. The percent error was computed by comparing
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the average heterogeneity results calculated from the lower percent coverage to the results
from the full coverage.
Lastly, we tested the accuracy of the algorithm used to quantify the number of spots in each
image by comparing the results of the algorithm to that of manual, visual inspection. A set
of 200 images, randomly sampled from the entire data set, was used for this test.
2.6.

Experimental Details
To investigate the association between particle counts and silicone oil distribution
heterogeneity, we used a sample of 100, 2.25mL syringes that came from two types of
syringes: PFS-F (n = 50) and PFS-D (n = 50).

Author Manuscript

PFS-D, a newer generation of syringes, was compared to PFS-F. Each syringe was given a
unique identifier and imaged at 25% coverage (15 angular lines, 23 images per line). For
each acquired image, the two heterogeneity parameters - the number of spots and the
heterogeneity percent - were computed, and an average value for each parameter was
determined for each syringe.
After imaging, the syringes were filled with a therapeutic protein solution that contained a
proprietary antibody formulated with buffer, excipients, and surfactant (polysorbate). The
number of particles in the extruded solution was quantified using the MFI™ DPA4200
instrument.

3.
3.1.

Results
Method Development
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To determine the system repeatability, the relative variation in average parameter value was
determined by computing the coefficient of variation for the five data sets. The heterogeneity
percent had a smaller coefficient of variation (1.1%) in comparison to the number of spots
(3.5%). Both quantifiers varied less than 5% relative to their respective means.
We also investigated the impact of sub-sampling the inner surface of the syringe on
measuring the heterogeneity (Fig. 3). A larger percent coverage was associated with smaller
percent error. The number of spots parameter produced the largest discrepancy from the full
coverage value. For the heterogeneity percent, the error from sub-sampling remained below
5%. Overall, the average percent error was below 10% across both parameters when the
inner surface was sampled at ≥25% coverage. For this reason, the syringes used in
subsequent experiments were imaged at 25% coverage.
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Lastly, the automatic spot counting results were compared to the number from visual
inspection for 200 randomly sampled images (Fig. 4) to determine the accuracy of the
automatic algorithm. The size of the plotted point is proportional to the number of images
with that particular spot count. Most of the images contained only a few spots. The dashed
line (theoretical fit) shows the fit for one-to-one correspondence between the algorithm and
visual inspection. Comparing the experimental fit to the theoretical fit, we see that the spot
counting algorithm had a minor tendency to underestimate the manually determined number
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of spots. On average, the estimated number of spots deviated from the manually determined
number by less than 10%.
3.2.

Association between Oil Distribution and Particle Counts
Fig. 5 shows the average distribution in heterogeneity along the barrel of the syringe. Both
parameters had local maxima at roughly 20.3mm, 33.1mm, and 40.4mm from the starting
position (dashed lines). There was also a sharp increase in each parameter value for
locations beyond 44.0mm, close to the needle end of the syringe.
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Fig 6 provides a comparison of the particle counts in PFS-F and PFS-D syringes. PFS-F
syringes contained a high number of particle counts. In comparison to PFS-F syringes, PFSD syringes exhibited significantly lower particle counts, as determined using the MFI™
instrument (p < 0.001, independent t-test). For both types of syringes, there were orders-ofmagnitude more particles of smaller diameter.
Fig 7 provides sample interference fringes acquired from a PFS-F syringe and a PFS-D
syringe. The sample interference image from the PFS-F syringe contains many fringes,
indicative of a more uneven oil distribution. In comparison, the images acquired from PFS-D
syringes tended to contain fewer fringes, and the fringes are of lower frequency; therefore,
the oil distribution tends to be more slowly varying and even.
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After quantifying the heterogeneity, the interferograms from PFS-D syringes were found to
have significantly less number of spots and lower heterogeneity percent (Fig. 8; p < 0.001,
independent t-test). In comparison to PFS-F, PFS-D syringes exhibited both significantly
lower particle counts (Fig 6; p < 0.001) as well as significantly more homogeneous silicone
oil layer distributions (Fig 8; p < 0.001) suggesting that a correlation could exist between
silicone oil layer heterogeneity and particle counts.
To further determine whether there was an association between oil distribution and particle
counts, Spearman’s rank correlation was computed between the average heterogeneity
parameters and the particle counts (Table 1). The oil distribution was significantly correlated
to particle counts, with stronger correlation for smaller particles. A Partial Correlation was
also computed to account for possible effects due to syringe type (Table 1). After accounting
for syringe type, Partial Correlation results show no significant association between oil
distribution and particle counts.

4.

Discussion
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In this paper, we developed a technology to visualize and quantify the heterogeneity in the
distribution of the silicone oil lining the inner surface of unfilled syringes. A multi-color
interferometric imaging system was designed and built to visualize and quantify this silicone
oil distribution. After evaluating the system’s repeatability and accuracy, the system was
used in a preliminary investigation on the link between silicone oil distribution and particle
formation. In this section, we will first discuss the system performance, followed by the
results of the preliminary investigation.
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Two parameters were chosen to quantify the silicone oil distribution heterogeneity from the
acquired interference images: the number of spots, and the heterogeneity percent. The
source of the dark spots are unknown. However, since silicone oil has high wettability [5],
the oil distribution heterogeneity can imply the existence of impurities in the glass or other
foreign particles that disturb the surrounding oil layer.
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The data suggests that the parameters chosen can quantify the level of heterogeneity in the
silicone oil distribution. For both parameters, the average parameter values along the barrel
exhibited local maxima at the same positions and rose sharply near the needle end. The rise
in heterogeneity at the needle end is not surprising - in cases where the silicone oil
distribution is not even, the needle end tends to contain less silicone oil [3, 8, 10] and would
be expected to be more uneven. Although the cause for the local maxima is unknown and
requires further investigation, the agreement in both the number of occurrences and location
along the barrel suggests that the parameters are measuring the same phenomenon.
The heterogeneity parameters are also repeatable: the coefficient of variation was less than
5% in both cases. One possible source for the variability is defocus: defocus decreases
image contrast which negatively impacts the heterogeneity parameters. Since the coefficient
of variation was below 5%, this variability was not considered to be a major issue.
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Of the two parameters, the number of spots had a lower repeatability and a higher percent
error when imaging at a smaller percent coverage. This is likely due to the discrete nature of
the parameter: a spot will not be counted if it is not contained in the acquired images, or if
the image is slightly defocused. This is distinct from the heterogeneity percent, which
measures a continuous value calculated from the full field of view. Another point of
consideration is that most images only contained a few spots, while very few images
contained many spots. Images that contain a high number of spots, although uncommon,
could heavily influence the average number of spots count for a syringe. The number of
spots measured can become sensitive to sampling error when imaging at a lower percent
coverage.
The percent error in estimating the heterogeneity when imaging only a small fraction of the
inner surface area is high. To get a more accurate measure of the heterogeneity, at least 25%
of the inner surface should be sampled. Conventional point-sampling reflectometry methods,
which are typically used to measure the oil height at less than 1% of the inner surface, may
not have sufficient sampling to accurately extrapolate properties about the oil distribution
and its impact on syringe functionality and particle formation.
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Overall, the system was able to visualize and quantify the heterogeneity in the silicone oil
distribution within unfilled syringes over a large fraction of the inner surface area, up to
100%. As a method to quantify the evenness of the oil distribution, our method is
complementary to other methods that focus on measuring other parameters, such as the
global height distribution or the presence of silicone oil. Although we applied our system to
syringes coated with silicone oil, our system can be used to characterize the distribution of
other coatings as well. Our method can be beneficial in studies to investigate the impact of
the oil distribution heterogeneity on syringe mechanical functionality or product particle
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counts, and can be used complementarily to other methods due to its non-destructive nature.
Apart from scientific studies, our method can also be helpful in syringe manufacturing in
guiding new processes as well as screening supplies. While identifying the factors that
contribute to the oil distribution heterogeneity is out of the scope of this study, one could
speculate that factors may include particulates in the silicone oil used, particles from the
manufacturing environment, silicone oil droplet size and distribution, and imperfections in
the glass surface. Further studies may guide efforts to develop and manufacture better
syringes.
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We performed a preliminary investigation on the impact of the silicone oil distribution on
particle formation. Our preliminary study involved two types of syringes, one of which was
known to have higher particle counts. We found that PFS-D syringes contained significantly
lower particle counts and homogeneous oil distributions in comparison to PFS-F syringes.
However, within syringe types, no significant association was found.
There are many possible reasons for this lack of association that warrant further
investigation. First, our study involved two types of syringes: PFS-F syringes and PFS-D
syringes. There may be unaccounted differences between these two syringes that contributed
to the variance in particle counts. For example, apart from the siliconization method, the
syringe types also contain different amounts of silicone oil [19]. Factors such as silicone
deposition method, silicone oil amount, and type of glass used for the barrel can impact
particle formation [2, 5, 9, 20, 21].
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Second, within each syringe type, the spread in the number of particles was not large. This
would make finding an association difficult. A third source of variability is the extrusion: the
number of particles formed during the extrusion process can vary depending on the extrusion
force, the silicone oil layer thickness, and the fit between the barrel and stopper. Although
the extrusion was performed using an Instron machine, tolerances in the dimensions of the
syringe barrel and stopper could impact the total amount of silicone oil extruded through the
needle and the force profile during extrusion, thereby adding variability in the number of
particles formed.
Fourth, the measured particle counts can suffer from large sampling variability. The particle
counts of larger diameter particles (≥ 10μm) were sometimes small. For example, the
average number of particles per mL in PFS-D syringes was 200 and 3 for particles ≥10μm
and ≥25μm respectively. Considering the sampling volume was about 0.5mL, the
measurement of these low-concentration particles would have large sampling variability
[22].
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Our preliminary investigation did not show a significant association between oil distribution
and particle counts. Further investigations that account for the aforementioned factors are
required to more conclusively determine whether an interaction exists between particle
counts and oil distribution.
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In summary, we developed a new technology for visualizing and quantifying the
heterogeneity in the distribution of silicone oil lining the inner surface of unfilled syringes
and applied our system in a preliminary study investigating the impact of silicone oil
distribution on particle formation. Between syringe types, there was a strong association
between particles counts and oil distribution. No association between particle counts and oil
distribution was found within syringe types; however, there are many sources of variability
that bear additional investigation. Since the percent error is large for small percent
coverages, studies looking into the oil distribution heterogeneity should involve methods that
can cover at least a moderate fraction of the inner surface. Our system will be beneficial in
future investigations that study the impact of the distribution of silicone oil, or other
lubricants, on particle formation and functionality in pre-filled syringes and can be useful as
a feedback mechanism for guiding the development of better syringe manufacturing
processes as well as a quality control tool to screen incoming syringe supplies.
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MFI

microflow imaging

PFS

prefilled syringe

PFS-F

prefilled syringe – fixed nozzle

PFS-D

prefilled syringe – diving nozzle

SbVP

sub-visible particles
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Figure 1: Overview of the Multi-Color Interferometric Imaging System.
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(A) A photo of the imaging system, consisting of a modified, inverted, reflected-light
microscope, motorized stage, and syringe holder. A simplified 2D schematic of the optical
setup has been provided, with the main components of the illumination (shown in yellow)
and detection (shown in green) light paths overlaid. The coordinate system is shown on the
bottom left. (B) Zoomed-in view of the customized holder for 2.25mL syringes. The syringe
rests on two rods that rotate. (C) Side view of the syringe holder.
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Figure 2: Automatic Detection of Dark Spots in an Interferogram.

(A) An example of an interferogram with dark spots at the center of two circular fringe
patterns. (B) Automatic detection of dark spots (highlighted in green) using an image
processing method. Finding the number of dark spots at the center of fringes is one method
for quantifying the heterogeneity in the oil distribution.
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Figure 3: Impact of Imaging at Lower Percent Coverage.
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The percent error in estimating the silicone oil distribution heterogeneity when imaging at a
lower percent coverage is shown for (A) the number of spots and (B) the heterogeneity
percent. The shaded error bar shows twice the standard error of the mean.
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Figure 4: Comparison of Manual versus Automatic Spot Counting.

The plot compares the number of spots counted automatically versus manually, via visual
inspection. The area of each point is proportional to the number of images satisfying that
data point. The theoretical fit shows the expected fit for a one-to-one correspondence. The
automatic spot counting algorithm has a minor tendency to underestimate the number of
spots.
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Figure 5: Spatial Distribution of Heterogeneity.

The average distribution of heterogeneity along the syringe barrel was computed for (A) the
number of spots and (B) the heterogeneity percent. The shaded areas are +/− two times the
standard error of the mean. The dashed lines highlight the local maxima measured by all the
parameters.
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Figure 6: Comparison of particle counts in PFS-F and PFS-D syringes.

PFS-D syringes contain significantly lower particle counts than PFS-F syringes, for particles
of size (A) ≥1μm, (B) ≥10μm, and (C) ≥25μm.

Author Manuscript
Author Manuscript
Author Manuscript
J Pharm Sci. Author manuscript.

Cua et al.

Page 18

Author Manuscript
Figure 7: Sample interferograms from a PFS-F syringe and a PFS-D syringe.
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Representative interference images from PFS-F syringes (A) and PFS-D syringes (B) show
the difference in silicone oil distribution between the two syringe types. Images acquired
from PFS-F syringes tended to contain more fringes, indicative of a more heterogeneous oil
distribution. In comparison, images from PFS-D syringes tended to contain fewer fringes,
and the fringes were of lower frequency, implying that the oil distribution in PFS-D syringes
were more slowly varying and even.
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Figure 8: Comparison of silicone oil distribution heterogeneity in PFS-F and PFS-D syringes.

The heterogeneity in the oil distribution was quantified using (A) the number of spots, and
(B) the heterogeneity percent. The oil distribution in PFS-D syringes were significantly less
heterogeneous (had lower number of spots and lower heterogeneity percent) in comparison
to PFS-F syringes.
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Correlation Results Investigating Association between Cumulative Particle Counts and
Heterogeneity Measures.
Bi-variate Spearman correlation between particle counts and heterogeneity measures shows significant
association. Partial correlation accounting for syringe type shows no significant association.
Particle Size

Spearman Correlation rs

Partial Correlation rs
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Number of Spots

Het. Percent.

Number of Spots

Het. Percent

≥ 1 μm

0.74***

0.69***

0.15

0.01

≥ 2 μm

0.74***

0.70***

0.07

−0.08

≥ 5 μm

0.71***

0.70***

−0.05

−0.08

≥ 10 μm

0.54***

0.55***

−0.11

0.07

≥ 25 μm

0.34**

0.27**

−0.05

−0.10

Significant correlations reported as

**

p < 0.01

***

p < 0.001.
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