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Abstract
OBJECTIVE: To evaluate the utility of digital imaging as compared to indirect ophthalmoscopy to screen for retinopathy of prematurity (ROP).

DESIGN: Prospective, multicenter, masked clinical trial. 

PARTICIPANTS: Infants <31 weeks gestational age and <1000 grams at birth.

INTERVENTIONS:  Fundus imaging followed by indirect ophthalmoscopy.

MAIN OUTCOME MEASURE: Sensitivity, specificity, positive and negative predictive values and accuracy of image interpretation compared to ophthalmoscopy. 

APPLICATION TO CLINICAL PRACTICE:  Streamline fundus screening for ROP. 

RESULTS: Sixty-two infants were enrolled between February 2001 and February 2002.  Fifty-one infants (102 eyes) met eligibility criteria.   Mean weekly examinations per infant (± SD) were 5.73 ± 3.22 (median 7; range 2 to 10).  Clinically significant ROP (CSROP) developed in 73 of 102 eyes (71.6%), with 38% (28/73) progressing further to ETROP Type I prethreshold ROP.  CSROP was identified by digital images with a sensitivity of 91.53% and specificity of 37.21%, and ETROP prethreshold Type 1 with a sensitivity of 92.31% and specificity of 67.39%.  

CONCLUSIONS: There was excellent sensitivity in remote detection of both CSROP and Type 1 ETROP (91.53% and 92.31%, respectively) versus indirect ophthalmoscopy.  It was highly unlikely that severe ROP would be missed employing fundus imaging (negative predictive value 96.88% for Type 1 ETROP).
Retinopathy of Prematurity (ROP) is a retinal vascular disorder of the premature infant and is a leading cause of preventable childhood blindness around the world.  Accurate screening for ROP is of paramount importance since timely delivery of treatment is critical to maximize the chance of a favorable outcome.5-7
Screening guidelines have been developed in many countries to ensure that premature infants at risk for ROP are examined at regular intervals.2, 8-10  The standard method for diagnosis of ROP has been bedside indirect ophthalmoscopy for both routine clinical care and clinical trials.  Yet indirect ophthalmoscopic screening has limitations.  The examiner’s interpretations of the clinical findings, rather than the actual retinal features, are transcribed onto grading sheets.  The interpretation of fundus findings is presumed to be correct without opportunity for review.  This limitation also impacts clinical studies requiring longitudinal evaluation of treatments for ROP:  poor outcome despite adequate laser is not distinguished from poor outcome due to incomplete peripheral retinal ablation.11 

There are manpower limitations to providing the number of screening exams required to at-risk infants as well.  Many physicians do not perform ROP screening for fear of litigation.  In peripheral centers, there may be no physician with expertise in ROP diagnosis and management.  Experience with prematurity - particularly extreme prematurity - may be limited.  In Canada, for example, less than 100 sub-specialists perform approximately 12,150 ROP examinations per year across the country.12 

This combination of challenges has fueled research into a telemedicine approach to ROP screening over the last several years.  Evidence-based studies comparing remote digital photographic screening compared to screening with indirect ophthalmoscopy are critical before widespread acceptance and integration of this telemedicine approach can occur.  

The PHOTOROP Study was a multicenter, prospective, longitudinal cohort study carried out among 6 Clinical Centers in the United States, Canada and Europe.  The primary aim of this collaborative study was to evaluate the feasibility and accuracy of digital photographic remote longitudinal ROP screening, using the RetCam-120® camera system (Clarity Medical Systems, Inc., Pleasanton, CA) compared to indirect ophthalmoscopy in detecting “Clinically Significant ROP” (CSROP) and ROP requiring early treatment (Type 1 Prethreshold ROP) according to the Early Treatment for ROP Study.13 

Materials and Methods 

Institutional review boards at all participating institutions reviewed and approved the study design and the consent forms to be used locally.  Parents/guardians of infants studied gave signed informed consent prior to enrollment.   Study design, methods, policies and baseline characteristics of patients enrolled in The Photo-ROP Study are the subject of a separate report.14 

Patient Eligibility and Enrollment

Eligibility requirements, clinical examinations, and data collection methods for The Photo-ROP Study are described elsewhere.14 Enrolled participants were premature infants born less than 31 weeks of postmenstrual age at birth and with a birth weight less than 1000 grams.  Consecutive infants from each of the six study centers were enrolled from February 1, 2001 to February 1, 2002.  The last infant was imaged on May 30, 2002.

Examination Schedule and Procedures 

The examination schedule and procedures are described in detail elsewhere.14  The center investigators performed the first ROP examination between four to six weeks of post-natal age, according to their country’s screening guidelines.  Both eyes of each infant were examined weekly by both digital photography and indirect ophthalmoscopy.  Screening continued for 10 weeks or until the infant was discharged from the neonatal intensive care, whichever came first.   Masking of Clinical Centers for results of Reading Center digital image interpretation occurred as well as full masking of Reading Center image graders for results of indirect ophthalmoscopy examination.
Digital photographic imaging was performed first.   Indirect ophthalmoscopy was performed by the Clinical Center ophthalmologist on the right eye first, using a 25 or 28 diopter condensing lens and scleral depression.  The retina was examined over 360 degrees to the ora serrata.  The presence or absence plus disease, ROP by zone, stage and clock hour, were recorded according to the International Classification of ROP on the ROP Data Form.15
The RetCam-120® camera system used in this study is a contact camera that directs transpupillary illumination to provide 130 degree images of 640 x 480 pixel resolution.  Each image is approximately 900 Kilobytes in size with a resolution of 72 pixels/inch and a realistic color match.  A standard image set for each eye consisted of the iris, followed by disc centered in the image, followed by images of temporal, nasal, superior and inferior retinal fields (Figure 1).  The goal for each examination was capture of 12 digital images (six images per eye) from each infant.  Images were initially stored on the RetCam-120® computer hard drive. The images were anonymized (using anonymizing software) and transferred uncompressed from the hard drive via the Internet with employing a secure file transfer protocol (FTP) to a secure encrypted password protected institutional FTP server, or by mail on a ZIP diskette or writable compact discs (R-CD’s).  Images were stored on the institutional FTP server and posted for review by the Reading Center graders.

Remote Reading of Digitized Images

All images sets were read by two masked physician graders at the Reading Center experienced in ROP diagnosis and management.  Images were scored according to the highest stage of ROP, lowest zone and the presence or absence of plus disease.  Results were entered into the data base.
Definition of Clinically Significant ROP and ET-ROP Type I Criteria

For the purposes of this study, the Reading Center established a definition of Clinically Significant ROP (CSROP) representing 5 descriptions of ROP sufficiently severe to warrant on-site examination by an ophthalmologist experienced in ROP (Table 1).  Two of the definitions for CSROP address eyes for which images provide incomplete information regarding the presence of either ROP (CSROP 4) or plus disease (CSROP 5).  The Reading Center also identified eyes requiring treatment based on the definitions of type 1 prethreshold ROP in the ETROP Study and were described as ETROP 1, 2 or 3 (Table 1).13  

Data Analysis and Statistical Methods

All pertinent data from each patient received at the Photo-ROP Reading Center were analyzed.

Sample size and statistical considerations are described in detail elsewhere.14   

Differences of opinion were resolved in favor of the ophthalmologist examining the infant at the respective Clinical Center.   The standard point of reference was the data set from the Clinical Centers unless otherwise specified. If ETROP (i.e., type 1 prethreshold ROP as determined after review of an image set) was determined in either eye at the 1st visit at the Reading Center but not at the Clinical Center, this baby was included in statistical analyses.  

The unit of analysis for comparison of digital photographic imaging to indirect ophthalmoscopy was the result of each exam of each eye of each infant.  By combining the results for both eyes, it is assumed that the right and left eyes for each infant are independent of each other, and are not correlated.

Continuous variables were summarized using means, standard deviations, and medians.  The variables based on differences in the time of visits were first assessed to determine their distributions.  Based on this, either parametric (Student’s t-test) or nonparametric (the Wilcoxon Signed Rank test) analyses were used.  Sensitivities, specificities, positive and negative predictive values, and accuracies for detecting CSROP and ETROP were computed for both the clinical and Reading Centers using definitions below. The parameters were determined first for the clinical site as the reference standard and then for the Reading Center as the reference standard:

Sensitivity:  (# of infants who are disease positive by both Clinical and Reading Centers)/(# of infants who are disease positive by both Clinical and Reading Centers + # of infants disease negative by the reference standard)

Specificity:  (# of infants who are disease negative by both Clinical and Reading Centers)/(# of infants who are disease negative by both Clinical and Reading Centers + # of infants disease positive by the reference standard)

Positive Predictive Value (PPV):  (# of infants who are disease positive by both Clinical and Reading Centers)/(# of infants who are disease positive by both Clinical and Reading Centers + # of infants disease positive by the reference standard)

Negative Predictive Value (NPV):  (# of infants who are disease negative by both Clinical and Reading Centers)/(# of infants who are disease negative by both Clinical and Reading Centers + # of infants disease negative by the reference standard)

Accuracy:  (# of infants who are disease positive by both Clinical and Reading Centers + # of infants who are disease negative by both Clinical and Reading Centers)/(all infants tested).

P-values less than an alpha of 0.05 (Probability of Type I Error) were considered statistically significant.  Statistical analysis was performed using The SAS System for Windows version 9.1.3, Service Pak 2.

Results

Demographics and Examinations

Sixty-two infants were enrolled from 6 Clinical Centers.  Eleven of the enrolled infants did not meet eligibility criteria for inclusion because either ROP severity was already at or beyond ETROP treatment threshold (whether treated or not) at initial examination (6 infants), or only a single examination was performed (5 infants).  The remaining 51 infants (102 eyes) were considered eligible and are the subject of this article. 

The mean gestational age (± standard deviation {SD}) at the time of delivery was 26.80 ± 1.73 weeks (median = 26.86 weeks, Interquartile Range {IQR} = 2.43 weeks).  Mean postmenstrual age at first examination was 32.19 weeks ± 2.86 weeks SD (median = 31.71 weeks, IQR = 2.29).  Mean birth weight (± SD) was 830.51 ± 219.57 grams (median = 817 grams, IQR = 225).  Female infants comprised 49.02% of the patients.  Race distribution was Caucasian 45.10%, African or African-American 39.22%, Asian 9.8%, Hispanic 3.92 %, and other races 1.96%.  Mean number of examinations per infant (± SD) was 5.73 ± 3.22 weeks (median = 7 weeks; range = 2 to 10 weeks.  

Mean postmenstrual age at the time of diagnosis of CSROP for the 57 eyes based on data from Clinical Centers was 34.20 ± 2.84 weeks SD (median = 34.14 weeks, range = 30.14 to 40.14 weeks).  Of these, mean postmenstrual age at the time of diagnosis of ETROP for the 13 eyes based on data from Clinical Centers was 36.74 ± 2.18 weeks SD (median = 36 weeks, range = 34 to 41.14 weeks).  In a similar manner, mean postmenstrual age at the time of diagnosis of CSROP for the 73 eyes based on Reading Center data was 34.38 ± 2.22 weeks SD (median = 34.14 weeks, range = 26.14 to 42.57 weeks).  Of these, mean postmenstrual age at the time of diagnosis of ETROP for the 28 eyes based on Reading Center data was 36 ± 1.71 weeks SD (median = 36.07 weeks, range = 32.43 to 39.57 weeks).  

Three hundred image sets (3836 images) were acquired for remote reading at the Reading Center.  Ninety two percent (293/300) of the image sets were interpretable. An image set defined as “interpretable” when one or  more of the images in the set could be used to score zone, stage and plus disease with confidence for a given eye.  An image set was defined as “uninterpretable” when images in the set, individually or as a group, were of inadequate quality to allow the eye to be scored with confidence.  Uninterpretable image sets were typically a consequence of  (1) inadequate dilation limiting adequate illumination of the retina, or casting an obstructing shadow, (2) dark fundus pigmentation with poor image contrast, (3) vitreous haze due to extreme prematurity, or some combination of one or more of these feature.

The two masked readers read the image sets of each infant in chronological order.  This was designed to mimic the “real life” scenario and to take into account the importance of time in the progression of disease.  A single clear wide-angle image of the posterior pole was often adequate to determine the presence of CSROP or ETROP criteria (Table 1).  The CSROP or ETROP criterion most commonly scored on a single image of the posterior pole was plus disease.  Unless the clinical pathology was dramatic, the entire set was useful in piecing together a summary status of ROP severity particularly when images were of poorer quality (with regard to lighting, focus, clarity or field).

Two masked graders scored each image. If a grade for an image set was not agreed upon for either CSROP or ETROP, a consensus opinion was formulated.  Disagreements were typically on the presence of normal posterior pole vessels versus posterior pre-plus vascular changes.16
No adverse reactions or complications occurred as a consequence of either fundus imaging or indirect ophthalmoscopy.

Detection of Clinically significant ROP and ETROP Type 1

I. Clinical Centers as the Reference Standard

Using the ROP diagnosis from the indirect ophthalmoscopy examination (i.e., the Clinical Centers) as the reference standard, clinically significant ROP developed in 73 of the 102 eyes (71.6%).  Thirty-eight percent (28/73) of these eyes went on to ETROP Type I.

Sensitivities, specificities, positive and negative predictive values, and accuracies for detecting CSROP and ETROP are listed in Table 2a.
CSROP

The Reading Center diagnosed CSROP with a sensitivity of 91.53% compared to the Clinical Centers, approximating the positive findings of the Clinical Centers extremely well.  However, the specificity of 37.21% approximated the negative findings of the Clinical Centers extremely poorly.  The positive predictive value of 66.67% approximated the Clinical Centers’ ability to correctly identify CSROP moderately well.  The negative predictive value of 76.19% approximated the Clinical Centers’ ability to rule out CSROP moderately well.  The accuracy of 68.63% indicates that the Reading Center approximated the diagnosis of a correct test result/diagnosis from the Clinical Centers moderately well.

ETROP

The Reading Center detected Type 1 ETROP with a sensitivity of 92.31% compared to the Clinical Centers, approximating the positive findings of the Clinical Centers extremely well.  The specificity of 67.39% in detecting Type 1 ETROP approximated the negative findings of the Clinical Centers moderately well. The positive predictive value of 44.44% approximated the Clinical Centers ability to correctly identify CSROP moderately well.  The negative predictive value of 96.88% approximated the Clinical Centers’ ability to rule out Type 1 ETROP extremely well.  The accuracy of 72.88% indicates that the Reading Center approximated the diagnosis of a correct test result/diagnosis from the Clinical Centers moderately well.

Progression Interval: Clinically Significant ROP To ETROP Type 1

In the 38% (28/73) of eyes with CSROP which progressed to ET-ROP Type I, the mean interval to progression was 16.62 days.  

Timing of Diagnosis of CSROP or ETROP between the Reading Center and the Clinical Centers  

Considering all images without regard for quality (i.e., including CSROP 4 and CSROP 5), there was no significant difference in timing of diagnosis of CSROP between the Reading Center and the Clinical Centers (p-value = 0.2201).  However, the Reading Center detected ETROP on an average 11.25 days sooner than the Clinical Centers (p-value = 0.0278).  When image quality was high (i.e. excluding CSROP 4 and CSROP 5), there was no significant difference in timing of diagnosis of CSROP between the Reading Center and Clinical Centers (p-value = 0.0620).  Using only CSROP images 1, 2, and 3, the Reading Center detected ETROP prior to the Clinical Centers on an average 9.11 days sooner (p-value = 0.0406).

II. Clinical Centers as the Reference Standard

Sensitivities, specificities, positive and negative predictive values, and accuracies for detecting CSROP and ETROP using the ROP diagnosis from the Reading Center as the reference standard are listed in Table 2b. This analysis was performed to address the question of the effectiveness of remote digital imaging as the primary screening methodology.

Discussion

The concept of a telemedicine approach to ROP screening is meant to complement and not to “replace” the indirect ophthalmoscopic exam, and to define the population at risk of visual loss from untreated ROP accurately.  The goal is to maximize utilization of physician resources and deliver appropriate care.

Clinically significant ROP as defined by the Photo-ROP group serves as a telemedicine “threshold” for referral of an infant for an on-site examination by an experience ophthalmologist for consideration of treatment.  It was designed to have at least one characteristic of risk of severe ROP so that severe disease would not go unobserved by an experienced ophthalmologist.  ET-ROP Type I criteria are similar to clinically significant ROP, although clinically significant ROP has a slightly greater funnel effect (or lower threshold) for infants at risk for severe disease.  In a remote screening paradigm, it is preferred to have a slight buffer zone to minimize the likelihood of missing early treatable disease. Seventy-two percent of the study eyes were found to have CSROP, and ETROP Type 1 criteria developed in 38% of the CSROP eyes.  This demonstrates the funnel effect of CSROP criteria.   

This study found excellent sensitivity in the remote detection of both clinically significant ROP and ETROP Type 1 ((91.53% and 92.31%, respectively) as compared to the on-site indirect ophthalmoscopy exam, supporting the body of evidence that is accumulating for a telemedicine approach to ROP screening.  The negative predictive value is of greatest interest as a metric for the likelihood of missing true disease.  The negative predictive value of 96.88% for detection of Type 1 ETROP indicates that it was highly unlikely that severe ROP would be missed employing remote imaging with centralized interpretation.  Positive predictive values were low in the study due to the Reading Center tendency to “overcall” pathology.

Statistical analyses were also performed to address the effectiveness of remote digital imaging as the primary screening methodology and how often clinicians performing indirect ophthalmoscopic exams were in agreement.  The specificity and positive predictive values are high, indicating excellent identification of eyes truly negative or positive for CSROP and ETROP using the RetCam.  However, the poor sensitivity, negative predictive value, and accuracy suggest that bedside exams cannot be entirely supplanted by remote exams.

A telemedicine approach to ROP screening addresses three major challenges to effective screening: (1) limited manpower and geographic barriers; (2) standardization of diagnosis and treatment; (3) timing of diagnosis.  The first issue of manpower and geographic limitations is critical to any screening program.  Only 6 to 10 % of high-risk infants’ screened develop severe disease requiring treatment.  Therefore approximately 90 % of the bedside clinical examinations do not yield a finding of severe ROP.2 3 
  Remote ROP screening has been proposed as a solution to the decline in the number of sub-specialists with an interest and expertise in ROP management, combined with a geographic diversity of intensive care nurseries across Canada, United Kingdom and the United States.   Making the necessary expertise available through telemedicine technologies, rather than transferring babies and moving families, would be an important and timely alternative to the current practice of care.

In a national audit in the United Kingdom in 1997-98, 8200 premature infants were examined for ROP and only 277 infants went on to treatment.17  Considered another way, 55 ROP examinations by an ophthalmologist occurred for every infant that was treated. In Canada and the United States, a similar ratio exists between infants screened and infants treated.18 A telemedicine approach to ROP management that would reduce the number of “diagnostic examinations” by ophthalmologists but still maintain the recommended standard surveillance program would be ideal. With such large volumes of premature infants at risk for all stages of ROP and such a small volume at risk for severe ROP, a better “screening” method is needed.  Digital photography performed by a non-physician with remote image interpretation collapses the volume of infants requiring an examination by an ophthalmologist and replaces it with a “screening examination”. Infants with CSROP would then be referred for an on-site ophthalmoscopy examination.  Our study supports a telemedicine application of ROP screening in certain settings.  In the current study, physicians performed the digital photography.  In order to decrease the work burden, trained technicians, nurses or medical photographers could replace ophthalmologists.  This paradigm would be analogous to that employed to screen infants in neonatal intensive care units for ventriculomegaly employing ultrasonography. However, careful training and periodic skill assessments would be needed.

The second issue is standardization of diagnosis and treatment, important for both routine day to day care and for data collection and analysis in clinical trials.  The paradigm of a dedicated Reading Center with certified fundus image graders has become the gold standard for the conduct of ophthalmic clinical trials.  In other retinal disorders, such as diabetic retinopathy and age-related macular degeneration, studies have demonstrated that digital photography with remote Reading Center evaluation by dedicated, trained graders is more sensitive than binocular indirect ophthalmoscopy in detecting retinal disease characteristics. Adoption of the digital fundus imaging paradigm would also positively affect ROP-related clinical trials.  To date, however, all large ROP trials have gathered data by requiring examiners to draw the retinal findings as noted during the clinical examination.  Neither the examiner nor study center has an opportunity to study an image of the fundus.  Photographic documentation of treatment is also essential to distinguish true therapeutic failure from poor outcome caused by incomplete treatment.11
The third issue critical to a telemedicine approach to ROP screening is the ability to identify severe disease characteristics at an earlier examination when compared to interpretation by indirect ophthalmoscopy.  The ETROP13 reported better structural and functional outcomes in infants treated with severity less than threshold disease.  This study emphasizes the need for accurate and timely diagnosis of early characteristics of severe ROP, and recommends more frequent examinations.   This increased workload, which would be anticipated to improve the detection of treatable ROP, could be accomplished with a digital imaging paradigm.  In their pilot study of telemedicine screening for ROP,24   Ells et al used a similar severity of ROP (termed “referral warranted ROP”) as a telemedicine trigger.  Referral warranted ROP was diagnosed remotely at least one week earlier than on-site indirect ophthalmoscopy in 10 out of 23 eyes - all of these eyes went on to require treatment.

Longitudinal (weekly) digital imaging was sensitive and specific for detection of CSROP and ETROP Type 1 in this study – with a high negative predictive value for the latter.  These results support the concept of photographic screening as an adjunct to bedside evaluation of infants with characteristics of severe disease. The goal of integrating digital imaging into routine care is reasonable, particularly in view of the manpower issues related to this task.  The one-time cost of the digital screening camera is easily offset by the reduction in physician time.  Photographic screening would also minimize uncertainty in medicolegal cases, and provide a more consistent level of screening for all at-risk infants. The results of this study are intended to help formulate better screening methodologies for premature infants at risk for developing severe ROP.

Table 1. Definitions of “Clinically Significant ROP” (CSROP) and ROP requiring early treatment

“Clinically Significant ROP” (CSROP)

1 Zone 1, any ROP without plus disease

2 Zone II, stage 2 with no plus disease or up to 1 quadrant of plus disease

3 Zone II, stage 3 with no plus disease or up to 1 quadrant of plus disease

4 Any plus disease noted in eyes for which ridge characteristics were not interpretable (not imaged or poor image quality)

5 Any ROP noted in eyes for which disc features (plus disease) were not interpretable (not imaged or poor image quality)

“Type I” ET-ROP criteria for early treatment 13
1 Zone 1, any ROP with Plus disease

2 Zone 1, Stage 3 ROP without Plus disease

3 Zone 2, stages 2 or 3, with 2 or more quadrants of plus disease

Table 2a: Diagnostic Values For Both Clinical And Reading Centers When Using Clinical Center Diagnosis As Reference Standard
	Definitions
	Sensitivity
	Specificity
	PPV
	NPV
	Accuracy

	Detection of CSROP 1 – 5
	91.53
	37.21
	66.67
	76.19
	68.63

	Detection of ETROP

(Prethreshold Type 113)
	92.31
	67.39
	44.44
	96.88
	72.88


PPV – positive predictive value; NPV – negative predictive value
Table 2b: Diagnostic Values For Both Clinical And Reading Centers When Using Reading Centers Diagnosis As Reference Standard
	Definitions
	Sensitivity
	Specificity
	PPV
	NPV
	Accuracy

	Detection of CSROP 1 – 5
	66.25
	80.00
	92.98
	37.21
	69.00

	Detection of ETROP

(Prethreshold Type 113)
	42.31
	97.78
	91.67
	74.58
	77.46


PPV – positive predictive value; NPV – negative predictive value
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