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Background: Sustained digital display viewing reduces eye blink frequency and tear film 

stability. To retain water and preserve a smooth optical surface, contact lens manufacturers 

have integrated the humectant polyvinylpyrrolidone (PVP) into silicone hydrogel contact 

lenses. In this study, extended blink time (EBT) was used to assess visual stability over a 

prolonged blink interval of two PVP-containing silicone hydrogel lenses, samfilcon A (SAM) 

and senofilcon A (SEN).

Materials and methods: This randomized, bilateral, masked, crossover study assessed lens 

performance in ten subjects after 16 hours of wear. EBT, ie, the time elapsed between cessa-

tion of blinking and blur-out of a threshold letter on the acuity chart, was measured. At the 

end of the wear period, subjects reported duration of computer use and rated visual quality 

(VQ) and comfort while wearing the assigned lens, and the investigator evaluated lens surface 

wetting characteristics. Each lens was removed and immediately weighed to determine total 

water content.

Results: EBTs were 10.42 seconds for SAM and 8.04 seconds for SEN (p = 0.015). Subjective 

ratings of VQ after 16 hours of wear were 84.6 for SAM and 74.4 for SEN ( p = 0.049). Comfort 

ratings were 85.9 for SAM and 80.2 for SEN (p . 0.05). Median times of computer use were 

6–8 hours for both lens types. Post blink, 70.0% of SAM and 30.0% of SEN lenses were com-

pletely wet (p = 0.021). Total water content after wear was 43.7% for SAM and 35.5% for 

SEN (p , 0.001).

Conclusion: EBT measurement indicated more stable vision with the PVP-containing SAM 

polymer compared with the PVP-containing SEN polymer. The SAM polymer also demonstrated 

better surface wetting and maintained higher water content after a prolonged period of wear. 

EBT can be valuable in assessing vision stability of patients after hours of computer use.

Keywords: polyvinylpyrrolidone, PVP, digital video display, extended blink time, EBT, visual 

quality, VQ, lens hydration

Introduction
Contact lens wearers often report increased dryness and discomfort, as well as tired 

eyes toward the end of the day.1 By contrast, symptoms of blurry or fluctuating vision 

often start in the morning and persist throughout the day.2 The latter complication can 

be exacerbated by the use of the digital display devices pervasive in today’s society. 

From smart phones to tablets to televisions to personal computers, Americans spend 

over 10 hours viewing electronic device displays daily.3,4

The widespread use of digital displays represents a challenge for contact lens 

makers to design and manufacture contact lenses that perform well under conditions of 
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prolonged digital display viewing.5 The consequences of such 

prolonged digital display viewing upon both visual acuity 

and comfort were recently described.6 Briefly, the digital 

display environment results in decreased blink frequency, 

increased tear evaporation, incomplete blinking, decreased 

tear stability, and tear film disruption in both naked eyes7–10 

and the eyes of the contact lens wearer11,12 alike. In the latter 

case, this manifests as blurry or fluctuating vision that may 

indicate a lens surface not retaining water.13 The need for 

the development of new materials that better retain water 

becomes greater as the number of different digital devices 

used and daily screen viewing time increase.

Similarly, contact lens wear is also identified as a risk 

factor in computer vision syndrome (CVS), a combina-

tion of eye and vision problems associated with the use of 

computers14,15 and characterized by symptoms including 

neck/shoulder/back pain, eye strain, headache, blurred 

vision, and dry eyes.16 Mechanisms contributing to CVS 

include decreased blink frequency and completeness of 

blink, increased tear evaporation rate, and decreased tear film 

stability.9,13 Commonalities in symptoms and mechanisms 

suggest that digital eye strain and CVS are related if not the 

same, with the distinction that digital devices are typically 

viewed at closer distance than are computer monitors.

In both digital eye strain and CVS, blink rate and 

blink characteristics change during prolonged periods of 

concentration.17 For example, blink rate in normal, non-

lens-wearing subjects decreased from nominal 17 blinks per 

minute at rest down to 4.5 blinks per minute when reading,18 

and from 18 ± 5.7 blinks per minute down to 3.6 ± 1.8 blinks 

per minute during video display viewing.7 It should be noted 

that blink frequency varies widely, both within a study due to 

patient factors and between studies due to differences in spe-

cific study conditions. In a more recent study conducted after 

the advent of smart phones, blink rate in adapted habitual 

contact lens-wearing subjects similarly decreased from 

19 blinks per minute while listening to music down to 

6.2 blinks per minute while playing a video game when not 

wearing lenses.12 The same subjects’ blink rate decreased 

from 27 blinks per minute down to 23 blinks per minute 

when wearing lenses, although this was not statistically 

significant. Under both conditions, subjects blinked less 

while playing the video game (blink amplitude [BA], defined 

as the maximum percentage closure of the palpebral aper-

ture during one blink cycle, of 77 while listening to music 

versus 67 during game play when not wearing lenses; BA of 

84 while listening to music versus 70 during game play when 

wearing lenses). Incomplete blinking during computer use 

was similarly reported and found to have greater effect upon 

CVS symptoms,19 as tear breakup and evaporation during 

incomplete blinking contribute to lens water loss.20

Soft contact lenses tend to lose water to some extent 

during wear.21 Dehydration of high water lenses and con-

comitant reduction in visual acuity subsequent to reduced 

blinking or a drafty environment was reported three decades 

ago and termed as dehydration blur,22 yet more recently the 

phenomenon has been reported to occur with low-water, sili-

cone hydrogel lenses as well.23 While lenses of lower water 

content have been reported to dehydrate less than those 

of higher water content, and silicone hydrogels (typically 

of lower water content) less than traditional hydrogels21,24 

(typically of higher water content),25 recent advances in 

material and surface chemistry resulted in newer high water 

lenses such as nesofilcon A that does not follow this trend.6 

Further studies to advance understanding of the chemical 

and surface properties of lens polymers that maintain 

water in both low and high water traditional hydrogel and 

silicone hydrogel lenses will drive development of future 

lens generations.

The ramifications of contact lens dehydration upon both 

visual acuity and comfort were recently described.6 Briefly, 

lens dehydration both disrupts the lens tear film26 and effects 

subtle changes in lens dimension;27 these phenomena lead 

to light scatter and visual aberration,13,28,29 as well as contact 

lens-induced dry eye.30

One strategy that lens manufacturers use to improve 

contact lens water retention and preserve a smooth optical 

surface is to integrate wetting agents into lens polymers.31 

One such agent is Pluronic® F127 (BASF, Florham Park, NJ, 

USA), a polyethylene oxide (PEO)-polypropylene oxide-

PEO block copolymer surfactant, which is incorporated into 

nesofilcon A32 (Bausch and Lomb Incorporated, Rochester, 

NY, USA), a US Food and Drug Administration (FDA) 

Group II (high water content, nonionic) hydrogel material.33 

This lens was reported to maintain greater than 98% of its 

initial water over the course of a 16-hour wearing day;34 

as such, the lens maintains a better predicted retinal image 

quality over time compared with etafilcon A based upon an 

in vitro method to predict logMAR visual acuity.35 Another 

such agent is polyvinylpyrrolidone (PVP) that has proven to 

be highly effective, as lenses incorporating it into the polymer 

matrix have found both clinical and commercial success.36 

N-vinyl pyrrolidone (NVP), the monomer from which PVP 

is formed, was used as a co-monomer in several commer-

cial contact lens materials over the past two decades due to 

the water-attracting properties of the resultant polymers. 
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Fully formed PVP was first incorporated into commercial sili-

cone hydrogel lens materials as an additive in the early 2000s 

(galyfilcon A37 and senofilcon A [SEN],38 both from Vistakon 

Division of Johnson and Johnson Vision Care, Jacksonville, 

FL, USA). Recently, samfilcon A (SAM)39 (Bausch and 

Lomb Incorporated) integrated the PVP wetting agent into the 

polymer matrix through a novel manufacturing process that 

results in PVP tightly compacted at the surface.40 A PVP-rich 

surface can create an environment that attracts and retains 

water, resulting in a highly wettable and smooth surface.

While both polymers include PVP as an internal wetting 

agent, the lenses differ in their fabrication methods and 

relative amounts of PVP. In the manufacture of the SEN 

lens, fully formed high molecular weight PVP is added 

to the monomer mixture prior to synthesis. In the manu-

facture of the SAM lens, the silicone monomers and NVP 

polymerize sequentially, first forming the silicone hydrogel 

matrix and then forming PVP, the latter present in fourfold 

greater quantity compared with SEN.41 While similar in 

chemistry, SEN and SAM lenses have been characterized 

as silicone surrounding PVP and PVP surrounding silicone, 

respectively.40

Even with reports in published literature of subjective 

comfort while wearing both SEN and SAM lenses, assess-

ment of visual stability is lacking. Because water loss 

increases as blinks become less frequent while viewing a 

video display,29 it is of interest to know how PVP internal 

wetting agents affect not only lens water retention and com-

fort under these conditions, but also visual quality (VQ). 

Therefore, an extended blink test was developed, and SEN 

and SAM silicone hydrogel lenses that incorporate PVP 

were compared with respect to dehydration resistance, open 

eye visual stability, VQ, comfort, and lens wetting over a 

prolonged blink interval.

Materials and methods
This study was reviewed and approved by Southwest Inde-

pendent Institutional Review Board (Fort Worth, TX, USA). 

Written approval of the protocol, informed consent form, and 

subject instructions were provided prior to initiation of the 

study. Eligible subjects gave written informed consent and 

complied with the study procedures.

Lenses
SEN (38% water content), an FDA Group V-Cr33 (low water 

content, nonionic, non-surface treated, semi-interpenetrating 

network) silicone hydrogel lens, and SAM (46% water con-

tent), an FDA Group V-C33 (low water content, nonionic, 

hydrophilic monomer) silicone hydrogel lens, were tested 

and compared.

Lens water content determination
Lens water content was determined by a modification of 

the method outlined in the International Organization for 

Standardization standard.42 Water content was measured and 

calculated for individual lenses rather than pooled lenses 

specified in the standard. This allowed for the calculation of 

water loss pursuant to lens wear for individual lenses.

Clinical evaluation
A total of 10 healthy current (9) and former (1) contact lens-

wearing subjects participated in this randomized, “double-

masked” evaluation. One subject was a former lens wearer 

who had reverted to eyeglasses, while another subject wore 

no lens in one eye and a nesofilcon A lens in the contralateral 

eye. All other subjects wore the same lens in each eye. 

Subjects’ habitual lenses are summarized in Table 1; no 

subject wore either test lens habitually. Each subject wore 

both test lens types in randomized order, ie, subjects wore 

either SAM or SEN lenses in both eyes over a 16-hour wear 

period on the first test day and then the other lens type on 

a second test day. All subjects were asked how much time 

they spent working with a computer on the day of each test. 

Although all were coincidentally habitual computer users, 

this was not a study inclusion or exclusion criterion. All 

clinical and nonclinical assessments were made at the end 

of the wear period. While investigators did not intentionally 

view the manufacturer’s identifying markings on either lens, 

unconscious practitioner bias remains possible.

Both objective and complementary subjective evaluations 

of lens performance were used in this study. A pilot extended 

blink test was developed to assess visual stability over a pro-

longed blink interval. In this test, the time elapsed between 

cessation of blinking and blur-out of a threshold letter on the 

Table 1 Habitual lenses of test subjects

Material Brand name Manufacturer n

No lens 3*
Lotrafilcon B Air Optix Night and Day Alcon laboratories, Inc

(Ft Worth, TX, USA)
2

Balafilcon A PureVision2
PureVision Multifocal/HA
PureVision Multifocal/LA

Bausch and Lomb 
Incorporated
(Rochester, NY, USA)

2
2
2

Hilafilcon B SofLens Daily Disposable 2
Nesofilcon A Biotrue ONEday 7*

Notes: *One subject was a former lens wearer who had reverted to eyeglasses, 
while another subject wore no lens in one eye and a Biotrue ONEday lens in the 
contralateral eye. All other subjects wore the same lens in each eye. n = number 
of eyes.
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acuity chart was measured in seconds. The investigator also 

evaluated lens fit and surface wetting characteristics with nor-

mal blinking using a slit lamp. Wetting extent was rated in one 

of five categories: 1) absence of nonwetting areas, 2) ,8% 

of surface area nonwetting, 3) ,17% of surface area non-

wetting, 4) ,25% of surface area nonwetting, and 5) .25% 

of surface area nonwetting. At the end of the evaluation, 

lenses were removed and immediately weighed to determine 

total water content, and lens types were compared.

Subjects were asked to rate both their VQ and comfort at the 

end of the 16-hour wear period on a 0 to 100 scale, with a score 

of 100 considered the best. Each subject scored each lens in 

each eye individually. Subjects also reported the amount of time 

they spent at a computer while wearing the study lenses.

Statistical analysis
Extended blink time (EBT), subjective VQ, and subjective 

comfort ratings were averaged over each subject’s two eyes 

prior to analysis. The differences between lenses in these 

outcomes were tested for significance using linear mixed-

effects models including the fixed effects of lens type and 

crossover phase and the random effect of subject. The 

difference between lenses in water content was tested for 

significance using a two-sided, one-sample t-test. The dif-

ference between lenses in the fraction of lenses completely 

wettable was tested for significance using McNemar’s test. 

Differences were considered significant if p # 0.05.

Results
Subjects reported comparable total duration of computer use, 

typically 6–8 hours for both lens types (Table 2).

Performance characteristics of the tested lenses are 

reported in Table 3. The SAM lenses demonstrated better 

visual stability than did the SEN lenses, with longer elapsed 

time until blur during the extended blink test (10.42 ± 4.86 

seconds for SAM versus 8.04 ± 2.69 for SEN, p = 0.015). 

The SAM lenses also demonstrated better subjective VQ at the 

end of the wear period than did the SEN lenses (VQ rating of 

84.6 ± 16.8 for SAM versus 74.4 ± 19.8 for SEN, p = 0.049). 

Although not significantly different, comfort ratings also 

favored the SAM lenses (comfort rating of 85.9 ± 24.4 for 

SAM versus 80.2 ± 21.6 for SEN, p = 0.40).

On examination with a slit lamp at the end of the 16-hour 

wear period and just before lens removal, 70.0% of the SAM 

lenses demonstrated a perfectly wettable surface (absence 

of any nonwetting areas) post blink, compared with only 

30.0% of SEN lenses (p = 0.021). Just after lens removal, 

total water content was 43.7% ± 0.7% for SAM lenses and 

35.5% ± 1.1% for SEN lenses (p , 0.001).

Discussion
Pervasive use of more digital devices for longer durations 

has greatly increased the incidence of symptoms of dryness, 

tired eyes, eye health, and vision problems,43 due to primarily 

decreased blink frequency and incomplete blinking leading 

to tear film disruption during video display use.7–12 This 

becomes especially problematic during contact lens wear and 

establishes the need for development of contact lenses that 

better maintain lens water and a more stable tear film.

Contact lens-wearing patient perceptions also illustrate 

the need for such lenses. A recent survey of 568 subjects 

(136 daily disposable and 432 planned replacement contact 

lens wearers) found high incidences of wearers concerned 

about blurry/fluctuating vision (56%), bothered by blurry/

fluctuating vision (68%), and that found blurry/fluctuating 

vision to have a high negative impact on lens wearing expe-

rience (70%).2 Blurry/fluctuating vision concerned subjects 

more than did any other negative symptom. To cope with this 

symptom, subjects typically blink more frequently. However, 

this reflex is suppressed during periods of intense concentra-

tion such as when viewing digital video displays.17

When 287 of the original test subjects were specifically 

asked to track symptoms of dry eyes, tired eyes, and blurry/

fluctuating vision throughout the day, the reported incidence 

of these symptoms increased. In the morning (when many are 

engaged in computer work), the reported incidence of blurry/

fluctuating vision (35%) was greater than the reported inci-

dences of both dry eyes (16%) and tired eyes (6%) (Figure 1).2  

By evening, the reported incidence of tired eyes (64%) was 

Table 2 Self-reported duration of computer use (n = 10 subjects 
for each lens type)

Lens Samfilcon A Senofilcon A

Time, h Frequency, %

1–2 0 0
3–5 30 20
6–8 60 70
9 10 10

Table 3 Lens performance characteristics after 16 hours of wear 
(n = 10 subjects for each lens type)

Lens Samfilcon A Senofilcon A p-value 

Variable Mean sdev Mean sdev

EBT, seconds 10.42 4.86 8.04 2.69 0.015
Visual quality 84.6 16.8 74.4 19.8 0.049
Comfort rating 85.9 24.4 80.2 21.6 0.40

Abbreviation: EBT, extended blink time.
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greater than the incidences of both blurry/fluctuating vision 

(51%) and dry eyes (49%).

In a previous study, a novel in vitro method predicted 

logMAR score based on optical image quality as the lens 

dehydrates with time. The study demonstrated that the SAM 

lens achieved better predicted logMAR scores at time zero 

and over the full 30s study time course, with 1.3 line mean 

improvement at the 30s time point compared with the SEN 

lens (p , 0.01).44 While the measurements provided an 

objective estimation of image quality, they were not on-eye 

and did not provide a true measure of vision loss.

In the present clinical study, the assessment provided an 

on-eye measure of vision loss. EBTs while wearing SEN or 

SAM lenses were measured and compared to determine the 

relative effectiveness of the PVP wetting agents to maintain 

water and optical clarity in between the extended blinks that 

occur during digital display viewing. The measured EBT 

of the test subjects was 30% greater when wearing SAM 

lenses than when wearing SEN lenses (10.42 ± 4.86 versus 

8.04 ± 2.69, respectively; p = 0.015, Table 3).

The EBT variable differs from the noninvasive tear film 

breakup time, which is the time between the end of a complete 

blink and the first appearance of breaks in a reflected grid 

pattern without respect to visual acuity changes prior to tear 

film breakup.45 Torkildsen used a similar test (Inter-blink 

Interval Visual Acuity Decay) to evaluate the ability of two 

lubricant eye drops to delay loss of visual function in dry eye 

patients.46 EBT offers greater insight into vision as it is the 

time between the end of a complete blink and first loss of 

visual acuity as the lens surface dehydrates on the open eye. 

LogMAR charts used for objective evaluation of contact lens 

visual performance47 prove useful in this regard as adapted 

in the present study to capture the kinetics of vision change 

during restricted blinking. The greater resilience in stable 

vision may be due to the higher PVP content and specific 

character of PVP at the surface of SAM.

At the end of the wear period, the VQ of the SAM lens 

was rated significantly higher than that of the SEN lens 

(84.6 ± 16.8 versus 74.4 ± 19.8; p = 0.049). The time course 

and mechanism of deterioration of optical quality and VQ 

upon tear breakup while wearing silicone hydrogel lenses 

and suppressing blinking indicate that the breakup of the tear 

film introduces refractive aberrations and reflective distor-

tions from the interface between the air and tear film. With 

the optical changes, the contrast sensitivity decreases with 

the decrease in image quality.48

Overall, SAM lenses maintained more water than did 

SEN lenses at the time of removal (43.7% ± 0.7% versus 

35.5% ± 1.1%; p , 0.001). More water associated with higher 

PVP content and specific character of PVP at the surface of 

SAM may also help to explain differences in the assessment 

of surface wettability. After 16 hours of wear, significantly 

more SAM lenses had 100% wettable surfaces (70.0% versus 

30.0%; p = 0.021). Loss of wetting at the lens surface can 

alter the local refractive index in areas of nonwetting, and 

thus introduce refractive aberrations that impact VQ.

Tear film instability has also been linked to hyperosmo-

larity, and it is suggested that the instability may result in 

transient spikes in osmolarity that lead to triggering of sen-

sory neurons.49 Although not significantly different, comfort 

ratings also favored the SAM over the SEN lens (85.9 ± 24.4 

versus 80.2 ± 21.6; p = 0.40). A larger sample size would 

be required to determine if apparent greater comfort while 

wearing SAM lenses becomes significant. Further research 

into the role of material characteristics, tear film instability, 

hyperosmolarity, and discomfort is warranted.

Figure 1 Incidence of reported adverse symptoms of blurry/fluctuating vision, dry eyes, and tired eyes throughout the wearing day.
Notes: Copyright ©2016. Bausch and Lomb Incorporated. Reproduced from Epstein AB, Wilson B, Reindel WT. How visual performance influences patients’ perceptions 
of contact lens wear. CL Spectrum. 2016;31(13):20–25.2
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Wetting agents are used in both traditional and silicone 

hydrogel lenses to promote water retention and inhibit lens 

dehydration,31 but their effects upon visual stability are 

sparsely reported in published literature. Materials reported 

effective in promoting water retention include polyethylene 

glycol,50 hyaluronic acid,51 phosphorylcholine,52 and PVP.53 

Clinically, PVP wetting agent incorporated into one contact 

lens material resulted in improved optical quality and reduced 

dryness relative to the same material without PVP after 1 hour 

of lens wear in symptomatic patients.53 Although the present 

study was not designed to separate the effects of individual 

lens characteristics such as the wetting agent, the lens con-

taining more PVP (SAM) outperformed the lens containing 

less PVP (SEN) with respect to maintenance of visual acu-

ity during suppressed blink after 16 hours of wear. While 

both PVP-containing lenses were similar in comfort rating, 

digital device display-viewing wearers of SAM lenses might 

experience better vision than wearers of SEN lenses. This is 

significant because inhibited blinking as occurs during digital 

display viewing can result in a poor lens wearing experience 

and subsequent discontinuation of lens wear.26

Conclusion
The extended blink test developed for this study demonstrated 

more stable vision with the PVP-containing SAM polymer 

compared to the PVP-containing SEN polymer (EBT = 

10.42 ± 4.86 seconds versus 8.04 ± 2.69 seconds; p = 0.015). 

Further, subjects rated VQ better when wearing SAM lenses 

than when wearing SEN lenses (VQ rating of 84.6 ± 16.8 

versus 74.4 ± 19.8; p = 0.049). SAM lenses maintained greater 

water content than did SEN lenses (43.7% ± 0.7% versus 

35.5% ± 1.1%; p , 0.001). Better visual stability and higher 

water content reflected as a higher percentage of completely 

wetted SAM lenses compared with SEN lenses (70.0% versus 

30.0%; p = 0.021). A trend toward greater overall comfort 

with SAM lenses was observed, but the difference was not 

significant (comfort rating of 85.9 ± 24.4 versus 80.2 ± 21.6; 

p = 0.40). While the extended blink test has not yet been rigor-

ously validated, it nonetheless can be valuable in the develop-

ment of lens polymers to meet today’s visual demands, as well 

as in the assessment of visual stability of patients after hours 

of computer use and other modes of digital device viewing.
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