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Study Objectives: There is currently no questionnaire-based pre-screening tool available to detect non-24-hour sleep-wake rhythm disorder (N24HSWD) 
among blind patients. Our goal was to develop such a tool, derived from gold standard, objective hormonal measures of circadian entrainment status, for the 
detection of N24HSWD among those with visual impairment.
Methods: We evaluated the contribution of 40 variables in their ability to predict N24HSWD among 127 blind women, classified using urinary 
6-sulfatoxymelatonin period, an objective marker of circadian entrainment status in this population. We subjected the 40 candidate predictors to 1,000 
bootstrapped iterations of a logistic regression forward selection model to predict N24HSWD, with model inclusion set at the p < 0.05 level. We removed 
any predictors that were not selected at least 1% of the time in the 1,000 bootstrapped models and applied a second round of 1,000 bootstrapped logistic 
regression forward selection models to the remaining 23 candidate predictors. We included all questions that were selected at least 10% of the time in the 
final model. We subjected the selected predictors to a final logistic regression model to predict N24SWD over 1,000 bootstrapped models to calculate the 
concordance statistic and adjusted optimism of the final model. We used this information to generate a predictive model and determined the sensitivity and 
specificity of the model. Finally, we applied the model to a cohort of 1,262 blind women who completed the survey, but did not collect urine samples.
Results: The final model consisted of eight questions. The concordance statistic, adjusted for bootstrapping, was 0.85. The positive predictive value was 
88%, the negative predictive value was 79%. Applying this model to our larger dataset of women, we found that 61% of those without light perception, and 
27% with some degree of light perception, would be referred for further screening for N24HSWD.
Conclusions: Our model has predictive utility sufficient to serve as a pre-screening questionnaire for N24HSWD among the blind.
Keywords: N24HSWD, screening questionnaire, melatonin, blindness, 6-sulfatoxymelatonin, circadian rhythms, sleep, non-entrained 
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INTRODUCTION

Non-24-hour sleep-wake rhythm disorder (N24HSWD) is 
common among blind individuals with no perception of light.1 
This disorder arises from desynchronization between the 24-h 
solar day and the intrinsic circadian drive to sleep,1 due to the 
absence of daily ocular light exposure, which is the primary 
zeitgeber for synchronization to the 24 h day.2

Although N24HSWD is common among totally blind 
individuals, not all totally blind individuals manifest this 
circadian rhythm sleep disorder. Some individuals retain cir-
cadian photoreception even in the absence of vision.1,3–5 In ad-
dition, the prevalence of non-circadian sleep disorders is high 
among the blind population,6–8 often making it difficult for 
a clinician to differentiate between this circadian sleep dis-
order and other common sleep disorders, such as insomnia. 
It is possible to diagnose N24HSWD from the measurement 
of a circadian biomarker, such as the melatonin or cortisol 
rhythm,1,6,9–14 but such an evaluation requires that a patient 
collect serial urine at home, or saliva or blood samples un-
der controlled laboratory conditions, over a minimum of 24 
hours, over multiple weeks, to measure the change in rhythm 
timing (circadian period, τ ).
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Although we have shown that such evaluations are fea-
sible in the blind population in research studies,6,10,14,15 given 
the lack of experience in the medical community diagnosing 
N24HSWD in the blind, there is a need for a pre-screening 
tool to identify which patients are likely to have N24HSWD 
and which patients should be referred for evaluation for other 
sleep disorders. Such a tool would allow for the targeting of 
confirmatory melatonin or cortisol rhythm testing, thereby 
reducing the number of patients needing such a test, and 

BRIEF SUMMARY
Current Knowledge/Study Rationale: Non-24-hour sleep-wake 
rhythm disorder (N24HSWD) is prevalent among individuals who 
are totally blind, but diagnosis of this disorder is challenging due to 
the high prevalence of other sleep disorders experienced by blind 
individuals. Accurate diagnosis of N24HSWD requires evaluation of 
circadian phase markers, such as urinary melatonin sampled over 
several weeks; therefore it is desirable to have a screening tool in 
order to identify blind patients at the highest risk for N24HSWD.
Study Impact: We developed the first screening tool to discriminate 
blind individuals at risk for N24HSWD from those unlikely to have the 
disorder. Our tool provides clinicians with a cost-effective way to pre-
screen blind patients with sleep complaints for N24HSWD.



704Journal of Clinical Sleep Medicine, Vol. 12, No. 5, 2016

EE Flynn-Evans and SW Lockley. Blindness and N24HSWD

consequently patient burden, and reducing the overall cost 
of evaluations. A major challenge with developing such a 
screening tool is that, although N24HSWD is common among 
the totally blind population, the disease is rare relative to the 
general population and is considered an orphan disorder. The 
relatively small population available for study (n ~100,000 in 
the United States and ~130,000 in Europe) limits the sample 
size available for validation of such screening tools. No study 
to date has surveyed a sufficient number of blind patients 
while simultaneously measuring circadian entrainment status 
for validation of a survey instrument using standard test-retest 
methods. Our goal therefore was to use statistical bootstrap-
ping techniques in order to develop a survey-based prediction 
model for N24HSWD among those with visual impairment 
from a limited dataset. Bootstrapping is a technique whereby 
a single cohort can be randomly re-sampled repeatedly in or-
der to generate a set of predictors that lead to a disease or 
outcome of interest.

METHODS

Participants
Details of the survey methods and recruitment procedures are 
described elsewhere.6,16 In brief, 130 women were recruited 
from a cohort of 1,392 blind women who participated in a sur-
vey (administered either by ‘phone, or self-administration via 
large print, braille, or internet), of whom 127 had sufficient 
biomarker data available for classification of circadian entrain-
ment status. Participants were eligible for the field study if they 
were not taking medication known to affect sleep, melatonin or 
estrogen production (e.g., hormone replacement therapy, hyp-
notics, β-blockers, antidepressants, benzodiazepines). Ethi-
cal permission for the study was granted by the Institutional 
Review Board at Partners Healthcare (2003-P-000263) and by 
the Department of Defense Human Subjects Research Review 
Board (HSRRB Log No. A-12744). Written informed consent 
was obtained from all participants.

Study Schedule and Sample Measurement
Field study participants were asked to complete daily sleep/nap 
diaries for 8 consecutive weeks. During this time, they were 
asked to collect 48-h sequential urine samples in ~4 hourly 
episodes during the day and ~8 hours overnight on 2 (n = 90) 
or 3 (n = 40) occasions.6,10 The first two 48-h collection periods 
that exhibited a significant cosine fit were used in analyses for 
each participant. Urine collection and 6-sulfatoxymelatonin 
(aMT6s) radioimmunoassay procedures were performed as de-
scribed by Lockley et al.10

Assessment of Circadian Rhythm Disorders
Participants were classified as entrained or having N24HSWD 
as described in Flynn-Evans et al.6 Briefly, participants were 
classified as entrained if their circadian period fell within 
23.88–24.12 h.17 A participant was considered to have a non-
24-h rhythm if their circadian period was outside the normal 
range (i.e., < 23.88 h or > 24.12 h). For the purposes of the 
current analysis, entrainment status was not sub-classified by 

phase of entrainment (e.g., advanced, delayed); all those exhib-
iting a 24-h period were considered entrained.

Statistical Analysis
We used 40 individual questions derived from the larger survey 
that included information about sleep, light perception, visual 
impairment, unilateral and bilateral enucleation, scleral shell 
use, and components of the Pittsburgh Sleep Quality Index18 
and Horne Östberg Questionnaire19 that were considered for 
the predictive model (Supplemental Material). These candi-
date predictors were included in a forward selection stepwise 
logistic regression model to predict N24HSWD (defined using 
urinary 6-sulphatoxymelatonin phase or period, a gold stan-
dard measure of circadian rhythms, as described above) with 
the significance level for entry into and exit from the model set 
at the p < 0.05 level. This model was subjected to 1,000 boot-
strapped iterations, with each model using data from 127 par-
ticipants selected at random with replacement.20 All candidate 
predictors that were not selected for inclusion at least 10 times 
in the first 1,000 bootstrapped models were removed from con-
sideration in subsequent models (Supplemental Material). The 
model was subjected to a second round of 1,000 bootstrapped 
model iterations using only candidate predictors that were se-
lected at least 10 times in the first round of sampling. Follow-
ing the second round of forward selection bootstrapping, any 
candidate predictor that was not selected at least 10% of the 
time was removed from the final model.

The final model of candidate predictors determined by the 
forward selection were included in a logistic regression model 
to predict N24HSWD over 1,000 bootstrapped models using 
data from 127 participants selected at random with replace-
ment. The concordance statistic (c-statistic) for the area under 
the receiver operating curve (ROC) was calculated to estimate 
the discriminative ability of the model. In order to improve 
generalizability of the study cohort to the population, the op-
timism of the model (average difference in the c-statistic be-
tween model runs, to assess overfitting) was calculated and 
the c-statistic was adjusted accordingly. We also calculated 
the sensitivity, specificity, and positive and negative predictive 
value from the model.

The beta coefficients for the final model were calculated in 
order to allow for clinical utility and disease prediction. We 
rounded each beta coefficient to the nearest integer in order to 
simplify the model scoring for clinical use.

We applied the model to 1,262 blind women who took our 
larger survey but did not collect urine samples in order to de-
termine how many of those study participants would have been 
referred for screening using our tool.

Demographic variables were compared using independent, 
two-sample t-tests for continuous variables and χ2 tests for cat-
egorical variables.

RESULTS

The characteristics of participants classified as entrained versus 
non-entrained, and therefore having N24HSWD, are described 
in Table 1. These groups differed in several expected ways; 
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for example, a higher proportion of those with N24HSWD re-
ported having no perception of light (NPL), bilateral enucle-
ation and cycles of good and bad sleep.

There were 40 survey questions that were considered for in-
clusion in the model. The first forward selection model resulted 
in the removal of 23 survey questions (supplemental material). 
The second forward selection model resulted in the removal 
of an additional 9 survey questions (supplemental material), 
leaving a final model that included 8 questions. Table 2 shows 

the final set of predictors, the number of times that each was 
chosen in the final forward selection model, and the beta coef-
ficients for the predictors.

The concordance statistic estimating the area under the 
ROC, generated from the bootstrapped logistic regression, 
was 0.96 (Figure 1). Given the potential for overtraining 
a model based on bootstrapped datasets, the optimism, or 
average difference in the c-statistic between bootstrapped 
samples, was calculated to be 0.11, yielding a final adjusted 

Table 1—Characteristics of entrained female blind subjects (entrained) and those with non-24-hour sleep-wake rhythm disorder 
(N24HSWD).

Characteristic N24HSWD Entrained p value
n 25 102
Age at study, y (SD) 49.1 (9.8) 51.2 (14.1) 0.38
Age at legal blindness, y (SD) 5.5 (11.1) 12.7 (19.3) 0.02
Weight, lb (SD) 172.4 (43.7) 156.3 (42.0) 0.09
Height, in (SD) 63.0 (3.1) 63.6 (2.4) 0.32
Hours sleep per night (SD) 5.4 (1.4) 6.3 (1.3) 0.002
% NPL (n) 64 (16) 25 (25) 0.0002
% Bilateral enucleation (n) 38 (9) 16 (16) 0.02
% Reported cycling good/bad sleep (n) 80 (20) 53 (54) 0.02
% Reported no association between sleep and visual loss (n) 12 (3) 39 (39) 0.03

NPL, no perception of light; LP, light perception,

Table 2—Predictors associated with non-24-hour sleep-wake rhythm disorder (N24HSWD) and their associated beta 
coefficients and the number of times selected in 1,000 bootstrapped logistic regression forward selection models with a 
p < 0.05 threshold for entry and to remain in the model.

Predictor
Beta

Coefficient
Times

Selected
No perception of light 4.26 633
Bilateral or unilateral enucleation 4.23 277
Hours of sleep per night −2.17 281
Cycles of good sleep and cycles of bad sleep 0.61 193
Difficulty falling asleep within 30 minutes 292

Not during the past month (ref) –
Less than once a week −2.61
Once or twice a week −8.39
Three or more times a week −13.63

During the past month how much of a problem has it been for you to show enthusiasm to get things done 315
No problem at all (ref) –
Only a very slight problem 5.59
Somewhat of a problem −2.33
A very big problem 8.13

During the past month, how often have you taken medicine (prescribed or “over the counter”) to help you sleep 321
Not during the past month (ref) –
Less than once a week −3.99
Once or twice a week 9.20
Three or more times a week 12.87

Sleep change following deterioration of vision 315
No change in sleep after visual deterioration (ref) –
Yes change in sleep after visual deterioration 11.49
Not applicable due to permanent state of vision 7.65
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c-statistic of 0.85. These data suggest that the model has good 
predictive utility.

In order to simplify the model for ease of scoring in a clini-
cal setting we rounded the beta coefficients to the nearest inte-
ger and classified all participants having a score ≥ 0 as meeting 
criteria for further screening for N24HSWD (Table 3). Pa-
tients with sleep complaints and scores < 0 should be screened 
for other sleep disorders. We chose this cut point in order to 
maximize the positive predictive value of the model.

Using our prediction model on the 116 participants who an-
swered all 8 questions, we found that 88% of participants with 
N24HSWD were appropriately classified, with scores ranging 
from 0 to 23. We found that 79% of entrained participants were 
appropriately classified, with scores ranging from −23 to −1.

Of the 1,262 additional women who took the larger survey, 
1,119 answered all 8 questions of interest and were included in 
the model. We found that 410 (37%) of the participants would 
be referred for further screening for N24HSWD. Among the 
participants with NPL, we found that 61% (201/331) would be 
referred for further screening based on their answers to the 

Figure 1—Receiver operating curve for the eight questions 
selected for the final model.

Table 3—N24HSWD questionnaire and outcome scoring.
Points

1. What is your level of vision in the better eye?
Able to see the top letter on the vision chart
Unable to see the chart but can see to count fingers
Unable to count fingers but can see shadows and hand movement
Unable to see shadows but can see light
Unable to see light

0
0
0
0
4

2. Have either of your eyes been enucleated (removed)?
No
Yes, one eye
Yes, both eyes

0
4
4

3. Is your sleep pattern cyclic?
No
Yes

0
1

4. Do you feel that your sleep pattern has changed since the deterioration of your vision?
No
Yes
Not applicable

0
11
8

5. During the past month, how often have you had trouble sleeping because you cannot get to sleep within 30 minutes?
Not during the past month
Less than once a week
Once or twice a week
Three or more times a week

0
−3
−8

−14
6. During the past month, how much of a problem has it been for you to show enthusiasm to get things done?

No problem at all
Only a very slight problem
Somewhat of a problem
A very big problem

0
6

−2
8

7. During the past month, how often have you taken medicine (prescribed or “over the counter”) to help you sleep
Not during the past month
Less than once a week
Once or twice a week
Three or more times a week

0
−4

9
13

8.  During the past month, how many hours of actual sleep did you get at night? (This may be different from the number of 
hours spent in bed.)

Hours of sleep per night
h sleep * −2

Sum the total score. Patients with scores ≥ 0 should be evaluated for N24HSWD. Patients with scores < 0 should be evaluated for other sleep disorders.
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questionnaire. We found that 27% (209/788) of those with LP 
would be referred for screening for N24HSWD.

Using the questionnaire data, we simulated the progres-
sion of a proposed screening program for N24HSWD using 
the screening questions, followed by confirmatory urine col-
lections (Figure 2). When we applied our screening criteria 
to the 116 field study participants who completed all 8 survey 
questions, we found that 40 of the 116 participants would be 
referred for further screening according to the model. Seven 
of these did not have urine sample collections available and 
therefore could not be included in this evaluation.

Of the remaining 33 participants, the first urine sample was 
out of the normal range of 1:18–7:06 for 21 participants, including 
14 who were classified as having N24HSWD according to gold 
standard classification, 3 were entrained at a delayed phase, 3 
were entrained at an advanced phase, and 1 was normally phased.

Among the 12 who had a first urine sample within the nor-
mal range, requiring a second urine sample, 5 participants had 

a melatonin acrophase out of phase, and of these 2 participants 
were classified as having N24HSWD and 3 participants who 
were classified as entrained at a normal phase according to 
gold-standard criteria. There were 4 participants who had a 
second urine sample that occurred within the normal range 
and all of those were classified as being normally entrained. 
The remaining 3 participants did not have a second urine sam-
ple and were excluded from the analysis.

In summary, among the 30 participants who could be eval-
uated according to Figure 2, 26 patients would have been 
treated for N24HSWD, 16 (62%) appropriately, but also 10 
who did not have the disorder; 6 were entrained at an abnor-
mal circadian phase over this time frame (Advanced- or De-
layed Sleep Wake Rhythm Disorder) and 4 were entrained at a 
normal phase. The remaining 4 patients were correctly identi-
fied as having normally phased rhythms. All 16 patients with 
N24HSWD would have been selected for treatment using this 
method. Adding a second urine phase assessment for those 

Figure 2—Proposed screening process for identifying individuals with non-24-hour sleep-wake rhythm disorder.
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patients with an initial out-of-phase urine would improve the 
specificity of the program.

DISCUSSION

In the current study, we have developed the first predictive pre-
screening tool for detecting N24HSWD among the visually 
impaired. By using a bootstrapped forward-selection model 
with replacement, we were able to create a model that is capa-
ble of generating a probability risk score for blind individuals 
with sleep complaints. Our model has high predictive utility 
even after adjustment for overfitting. Our final model included 
eight questions, making it suitable for screening in a clinical 
setting. Our tool will provide clinicians with a mechanism for 
pre-screening blind patients in order to guide additional evalu-
ation and treatment decisions.

Non-24-hour sleep-wake rhythm disorder is a debilitating 
circadian rhythm disorder that is experienced by up to 40% to 
60% of totally blind individuals.1,6,13 Symptoms of N24HSWD 
occur when the intrinsic circadian rhythm and the 24-hour so-
cial rhythm run out of phase (out of “synch”) with each other. 
Some of the time, their oscillations coincide, for example 
when the natural circadian rhythms for sleep coincide with 
the social night, and adverse symptoms are minimal. At other 
times, the rhythms are in complete antiphase, for example 
when the biological clock is promoting sleep in the middle 
of the social day, causing the characteristic disruption to the 
sleep-wake cycle.

The duration of time it takes to complete the full cycle of the 
internal clock with respect to the 24-hour day, or “circadian 
beat cycle” is determined by the intrinsic circadian period. If 
an individual’s clock is 24.5 h, it “drifts” 0.5 h/day and there-
fore will take 48 days to cycle around the 24-hour clock (and 
49 days to complete a full circadian cycle of 24.5 h). If the 
circadian period is 25.1 h, this beat cycle is much shorter, only 
23 days (~3 weeks); if the circadian period is 24.13 h, the circa-
dian beat cycle is 186 days, or ~6 months. The range of internal 
circadian periods between individuals therefore determines 
the range in how many days it will take for their symptoms to 
cycle “around the clock,” i.e., from 3–26 weeks.

The circadian basis of N24HSWD distinguishes it from 
other sleep-wake disorders, and therefore use of hypnotics 
and stimulants to address the sleep and sleepiness symptoms, 
respectively, is not appropriate.21 The pattern of sleep disrup-
tion experienced by patients with the disorder does not always 
present as a shift in sleep timing each day. A majority of in-
dividuals will attempt to maintain sleep at a socially normal 
time. As a result, some individuals will produce a sleep pattern 
with the nocturnal sleep episode expanding and contracting as 
they move in and out of phase and with the build up and pay-
back of homeostatic sleep pressure.22 Due to the pleomorphic 
variation in patient’s sleep timing, a review of sleep history 
may not reveal a clear cyclic pattern to indicate the presence 
of N24HSWD.23 These more subtle cyclic changes are termed 

“relative coordination” and often require an expert to review. 
Furthermore, given the high prevalence of general sleep dis-
orders among the blind,6–8 it may be difficult for clinicians to 

differentiate this circadian rhythm sleep disorder and non-cir-
cadian sleep disorders in this population. Our model therefore 
provides an easy-to-use screening tool for clinicians to identify 
which patients are at higher risk of this disorder without hav-
ing to have a detailed understanding of the different types of 
presentations of the disorder.

It is possible that the differences that have been observed 
in the sleep-wake patterns of those with N24HSWD relate to 
the non-ordinal beta coefficients that we observed for ques-
tion six in our final model (Tables 2 and 3). For example, an 
individual who succumbs to the internal drive to shift sleep 
timing each day may be more likely to report that showing 
enthusiasm to get things done would be “a very big problem,” 
given that such individuals would be sleeping often during 
the social day. In contrast, those who attempt to maintain a 
24-hour schedule may find it less difficult to show enthusiasm 
to get things done and may respond to this question in a way 
that other individuals experiencing sleep loss or sleep disor-
ders might respond. These differences in the ways in which 
individuals with the same disorder respond to the competing 
drives for social interaction and sleep (i.e., staying awake dur-
ing the day versus sleeping), could account for the variation 
in reporting how the disorder affects social interactions as we 
observed in question six.

Our screening model should ideally be used as the first step 
in a two-step process for screening patients for N24HSWD 
(Figure 2). We chose a threshold score for screening that maxi-
mized the number of participants with N24HSWD in order to 
capture more people who are at risk for the disorder in screen-
ing (i.e., maximized false positives while minimizing false 
negatives). Consequently, our tool classified 27% of women 
with LP as at risk for N24HSWD, which is an unlikely prev-
alence in this group based on previous reports.6,10 While the 
second phase of screening uses a noninvasive method and is 
generally well accepted by patients, such an approach is costly 
and would be inefficient for screening every visually impaired 
patient with a sleep complaint, given the high prevalence of 
non-circadian sleep disorders in the visually impaired com-
munity.8 As such, our pre-screening tool will allow clinicians 
to identify which patients are at the highest risk of N24HSWD, 
prior to confirmatory circadian phase testing. For this reason, 
we felt it was more important to set the sensitivity and speci-
ficity of the tool such that more individuals with the disorder 
would be referred for further screening.

We collected serial urine samples from participants over 48 
h, measured over two or three weeks, to classify patients as 
entrained or having N24HSWD. Collecting urine at home us-
ing this method has been validated repeatedly in field studies 
of more than 400 blind and visually impaired patients, includ-
ing patients up to 83 years old, and is therefore an appropriate 
noninvasive biomarker that can be used to estimate circadian 
phase and period.12,14,15,24 This method is the only one that can 
confirm non-entrained rhythms reliably in an outpatient set-
ting. Once a patient is appropriately diagnosed, daily treat-
ments given at a fixed clock time every 24 hours in order to 
entrain the circadian clock are available for this disorder, in-
cluding tasimelteon,14 a melatonin agonist and the only FDA- 
and EMA-approved treatment, and pharmaceutical-grade 
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melatonin, which has been shown to be capable of entraining 
the clock in research studies,15,25–27 but has not been approved.

Although our findings are robust, our study is not without 
limitation. We conducted this analysis using a subset of data 
originally intended to identify breast cancer risk among blind 
women.16 As a result we do not include men in our model. 
Given, however, that sighted females have been shown to have 
a shorter circadian period than sighted males,28 potentially 
making non-entrained rhythms more difficult to detect in blind 
females, our findings are likely to be translatable to men with 
N24HSWD. We also used bootstrapping to sample the same 
dataset repeatedly, which is arguably a preferable approach for 
model building, rather than completing the validation using a 
split-sample analysis.20 Finally, our survey does not replace ac-
tual measurement of circadian phase, but should reduce the 
burden on both physicians and patients in helping to triage pa-
tients appropriately for follow-up testing.

In summary, we used a novel statistical technique to iden-
tify predictors associated with the presence of N24HSWD. Our 
final screening tool is concise, suitable for use in a clinical set-
ting, and highly predictive of N24HSWD. We recommend that 
this measure be included in screening visually impaired and 
blind patients with sleep complaints to indicate those who need 
confirmatory circadian phase measurement.

ABBRE VI ATIONS

aMT6s, 6-sulfatoxymelatonin
EMA, European Medicines Agency
FDA, Food and Drug Administration
LP, light perception
NPL, no perception of light
N24HSWD, non-24-hour sleep-wake rhythm disorder
ROC, receiver operating curve
τ, circadian period
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