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Study Objectives: The primary objective of this study was to describe characteristics of sleep across the three domains of sleep quality, daytime sleepiness, 
and behavioral alertness in community-dwelling adults with heart failure. The secondary objective was to identify modifiable factors associated with 
behavioral alertness.
Methods: A sample of 280 adults with chronic heart failure was enrolled. Widely used, validated, and sensitive measures of sleep quality (Pittsburgh Sleep 
Quality Index), daytime sleepiness (Epworth Sleepiness Scale, Stanford Sleepiness Scale), and behavioral alertness (Psychomotor Vigilance Test [PVT]) 
were collected at baseline, 3 and 6 months. Sociodemographic and clinical characteristics, including exercise, were measured at baseline.
Results: Participants were primarily male and functionally compromised with a mean left ventricular ejection fraction of 35 percent. The majority of the 
sample (73%) reported poor sleep quality. The mean (± SD) Epworth Sleepiness Scale score was low (7.0 ± 4.6), indicating they did not perceive daytime 
sleepiness. In contrast, behavioral alertness was relatively poor as evidenced by a slow PVT mean response time (3.09 ± 0.76). Participants who reported 
exercising at least one hour in the past week were more alert and had faster response times than those reporting no exercise.
Conclusions: Although sleep quality was poor and behavioral alertness was compromised, these heart failure patients did not feel sleepy. Exercise may help 
to promote behavioral alertness and reduce daytime sleepiness in adults with heart failure.
Keywords: heart failure, sleep, psychomotor performance, reaction time, exercise
Citation: Masterson Creber R, Pak VM, Varrasse M, Dinges DF, Wald J, Riegel B. Determinants of behavioral alertness in adults with heart failure. J Clin 
Sleep Med 2016;12(4):589–596.

INTRODUCTION

In the United States heart failure (HF) is the fastest growing 
cardiovascular syndrome, affecting at least 5.7 million adult 
Americans.1,2 The costs of managing HF are estimated to be 
over $39 billion annually in the United States.1 Given the prev-
alence and cost of this syndrome, it is particularly relevant to 
address factors that interfere with patients’ abilities to care for 
themselves. Poor sleep quality is known to influence the abil-
ity to remember to take medications, eat a healthy diet, and 
respond appropriately to symptoms.3

There is a growing awareness that sleep disturbances are 
common in HF and these symptoms are not explained by 
sleep disordered breathing.4–7 Over half of HF patients report 
insomnia symptoms.4 The most commonly reported problems 
are initiating and maintaining sleep; objective sleep assess-
ments have shown shorter sleep duration, frequent arous-
als, and sleep stage changes in HF patients.8 Yet, in spite of 
these known sleep problems, surprisingly few patients with 
HF complain of daytime sleepiness,6 an observation that has 
been explained by central adrenergic alerting mechanisms 
operant in HF.5 This mismatch between sleep problems and 
self-reported complaints of daytime sleepiness makes the 
study of sleep disturbances challenging in this population.

Identifying such problems is important because sleep dis-
turbances are associated with adverse consequences including 
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insulin resistance, neurobehavioral and performance deficits, 
and motor vehicle accidents.9 HF patients with chronic sleep 
problems had an almost 2-fold increased risk for all-cause hos-
pitalization at one year follow-up.10 Identifying sleep problems 
in people who do not report daytime symptoms of poor sleep 
can assist in the identification of those who will benefit from 
interventions to promote better sleep.

The primary aim of this study was to describe characteris-
tics of sleep across the three domains of sleep quality, daytime 
sleepiness, and behavioral alertness in community-dwelling 
adults with HF. The objective measurement of behavioral 

BRIEF SUMMARY
Current Knowledge/Study Rationale: Poor sleep quality is known 
to be associated with poor self-care in adults with heart failure. 
Although self-reported daytime sleepiness is known to be a poor 
indicator of sleep quality, little is known about the usefulness of 
objectively measured behavioral alertness as an indicator of sleep 
quality in heart failure.
Study Impact: This study demonstrated that patients with heart 
failure demonstrate poor objective behavioral alertness despite 
reporting not feeling sleepy. In the context of incongruence with self-
reported sleep measures, objective measures of behavioral alertness 
can improve the clinical assessment. Future research should include 
objective measures of exercise to understand the mechanisms by 
which exercise improves sleep quality, daytime sleepiness, and 
behavioral alertness in heart failure.
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alertness is a sensitive approach to identifying sleep distur-
bances in those who are unaware of the problem. The second-
ary aim was to identify modifiable factors associated with 
behavioral alertness measured over time.

METHODS

This was a secondary analysis of data obtained from a pro-
spective cohort study of the relationship between excessive 
daytime sleepiness and self-care in adults with chronic HF. 
A detailed description of the study methods has been pub-
lished previously and are summarized briefly here.3 Clini-
cally stable patients were enrolled from outpatient settings 
and followed for 6 months. Data on sleep quality, daytime 
sleepiness, and behavioral alertness were collected in person 
at baseline, 3 months, and 6 months, usually during home 
visits. Clinical information was abstracted from the medical 
record by nurses.

Sample
Study participants were enrolled from a university affiliated 
referral center, a veteran’s medical center, and a large regional 
medical center in the Northeastern United States. Only adults 
with chronic, symptomatic HF were enrolled. Chronic HF had 
to have been confirmed by the physician provider based on 
echocardiographic and clinical evidence before enrollment. 
Potential participants were screened to assure that they had 
visual acuity sufficient to read study materials, hearing suf-
ficient to engage in a dialogue, and the ability to read and un-
derstand English adequately. Patients were excluded if they 
worked nights or rotating shifts because of our interest in 
sleep, were receiving renal dialysis, or had a history of seri-
ous drug or alcohol abuse within the past year or major de-
pression. Specifically, anyone with a score > 10 on the Patient 
Health Questionnaire-9 (PHQ-9),11 a measure of depression, 
was excluded if positive responses included the classic indica-
tors of depression such as anhedonia. The rationale for this 
exclusion was the known relationship between depression and 
self-care. Anyone with significant cognitive impairment with 
a score < 24 on the Telephone Interview of Cognitive Status 
was excluded.

All study procedures complied with the Declaration of Hel-
sinki and institutional review board approval was obtained 
from the University of Pennsylvania and all participating in-
stitutions. Written informed consent was obtained from all 
participants.

Measurements
Sleep Quality
Sleep quality was measured using the Pittsburgh Sleep Qual-
ity Index (PSQI), a self-report measure of the perception of 
habitual sleep quality.12 The PSQI measures 7 sleep domains. A 
global score (0–21 points) is obtained by summing scale domain 
scores. Higher global scores (≥ 5) indicate poorer overall sleep 
quality. Internal consistency reliability of the PSQI is typically 
in the range of 0.77 to 0.83.13 Concurrent and discriminative 

validity of the PSQI has been demonstrated with compari-
son to multiple sleep questionnaires, polysomnography, and 
clinical evaluation.

Daytime Sleepiness
The Epworth Sleepiness Scale (ESS) quantifies daytime sleepi-
ness by asking questions about the tendency to fall asleep in 
eight routine, daily situations rated on a 4-point Likert scale.14 
Possible scores range from 0 to 24, with higher scores indi-
cating increased daytime sleepiness. The ESS has shown 
good test-retest reliability (r = 0.82) and internal consistency 
(α = 0.88).15

The Stanford Sleepiness Scale (SSS) is a self-administered 
questionnaire that was used to measure self-reported patterns 
of sleepiness during the day.16 Scores range from 1 to 7, with a 
score ≥ 4 indicating sleepiness at a particular moment of time. 
The SSS is sensitive to both sleep deprivation and time of day.17

Behavioral Alertness
Behavioral alertness was measured with the PVT. Over the 
last two decades, the PVT has become the most widely used 
measure of behavioral alertness.18,19 A single 10-min test, was 
administered to subjects during the normal diurnal period. 
Participants were told to respond as rapidly as possible to the 
appearance of a simple cue of light occurring at random in-
tervals (between 2–10 sec); reaction time (RT) was measured. 
PVT mean response time was measured as the reciprocal 
transform of the reaction time (1/RT). For calculating mean 1/
RT and slow est 10% 1/RT, each RT (ms) was divided by 1,000 
and then reciprocally transformed to normalize the variance 
and reduce the influence of outlier values. Responses were 
considered valid if reaction times were ≥ 100 milliseconds (ms) 
and ≤ 500 ms. The reciprocal response is sensitive to total and 
partial sleep loss.19 Generalized response slowing is reflected 
by worsening of the fastest 10% of RTs.9

Measurement of Covariates
Sociodemographic characteristics were self-reported and in-
cluded gender, race, financial status, education, perceived 
health and social support (measured with the Multidimensional 
Scale of Perceived Social Support). Responses on the Multidi-
mensional Scale of Perceived Social Support range from 1 (very 
strongly disagree) to 7 (very strongly agree), with higher scores 
indicating higher levels of perceived support. Comorbidities 
were recorded directly from the medical record and scored 
with the Charlson Comorbidity Index. New York Heart Asso-
ciation (NYHA) functional class was scored Class I-IV by a 
single cardiologist using data obtained by research staff from a 
standardized interview. Body mass index (BMI) was calculated 
based on patient weight measured during the data collection 
visit and self-reported height. Detailed information on partici-
pants’ medications, including number of medications and those 
associated with daytime sleepiness, were collected. As noted 
earlier, the PHQ-9 was used to exclude patients with major de-
pression, but in those without major depression we continued 
using the PHQ-9 for descriptive purposes. Exercise was mea-
sured by self-report with the question, “How much did you ex-
ercise in the last week?” measured in categories (none, minimal D
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(< 1 h/week) or adequate (1–3 h/week). Sleep apnea was noted 
in the medical record review. If a recent polysomnograph was 
identified, the total number of minutes assessed, oxygen satura-
tion, pulse, and apnea hypopnea parameters were extracted. If 
no sleep study had been performed in the past year, one night 
of sleep was assessed in the home using Embletta (Medcare, 
Buffalo, NY), a highly sensitive and specific screening device 
useful in quantifying the apnea hypopnea index (AHI) in per-
sons with suspected sleep apnea.20 Data from the Embletta were 
scored by specially trained sleep technicians at the Penn Medi-
cine Sleep Center and scored according to the standard Ameri-
can Academy of Sleep Medicine classification.21

Statistical Analyses
Descriptive statistics were used to calculate frequencies with 
percentages and means with standard deviations for the total 
sample for demographic and clinical characteristics, and self-
reported and objective sleep measures. The primary outcome 
in the study was the PVT mean response times at baseline, 3 
months, and 6 months. Data were inspected visually using 
multiple plots to check for linearity assumptions. Linear mixed 
effect models were used to examine predictors of PVT perfor-
mance at over time. Confidence intervals of the predictors are 
reported, and p < 0.05 was considered statistically significant. 
Estimates from the linear mixed effect models were confirmed 
with generalized estimating equation models with robust stan-
dard errors.

Covariate selection started with a priori factors assumed to 
be associated with behavioral alertness. In addition, all vari-
ables that had a statistically significant (p < 0.05) association 
with the PVT mean 1/RT were included in the model building 
process. Covariate selection entailed a robust model compar-
ison approach,22 starting with a basic model and comparing 
it with a model in which one or more variables were added. 
A priori factors that were considered in the models but were 
not significant were removed, including depression and left 
ventricular ejection fraction. Consistent with previous publica-
tions from the parent study, race, gender, site and NYHA class 
were retained as a priori covariates in these analyses.3 Sleep 
disordered breathing was considered, even though prior stud-
ies indicate that daytime sleepiness is not explained by sleep 
apnea in these patients.4–7 As this variable had missing data, it 
was analyzed both with available data and again after multiple 
imputations based on age, gender and BMI at baseline. Data 
were imputed using the method of chained equations as imple-
mented in the Stata program ice command.23 After imputation, 
data were checked to confirm reasonable values. Confidence 
intervals were estimated by calculating within and between 
components of variance using the method of Rubin.24

As a final check for additional covariates that may have been 
overlooked, data-driven selection procedures were performed 
using forward selection and backward elimination with selec-
tion criteria set to p < 0.05. The exploratory analyses confirmed 
the results of the previous analyses and no additional variables 
were included. The final model included the following fourteen 
variables: gender, age, race, education, social support, perceived 
health (recoded into 2 categories: good/very good/excellent 
versus fair/poor as recommended in previous publications),25 

kidney disease, BMI, medications causing daytime sleepiness, 
NYHA functional class, site, ESS, PSQI, and exercise.

Bivariate correlations were calculated among self-reported 
sleep measures (PSQI, ESS, and SSS) and PVT mean response 
time. Cohen’s d effect sizes were interpreted according to con-
ventional criteria (0.2–0.3 is considered small, > 0.3–0.8 is me-
dium, and > 0.8 is large).26 Data were analyzed using StataSE 
version 13.1.

RESULTS

A total of 280 adults with chronic HF were enrolled into the 
study and attrition was low (13.6%, n = 38) over 6 months of 
follow-up. Participants were 62.5% male, had a mean age of 
62 years and were functionally compromised (77% in NYHA 
class III or IV) with a mean reduced left ventricular ejection 
fraction of 35 (SD ± 17) (Table 1). On average, participants 
had 3 comorbid conditions other than HF, 25% had kidney 
disease, and on average participants were taking 10 medica-
tions per day, of which almost 20% were known to cause day-
time sleepiness (e.g., narcotics, antihistamines). At baseline 
the mean AHI was 16.2 ± 19.8/h (n = 176). In total 33% of 
the 176 participants with data on this variable had sleep dis-
ordered breathing. Financially, almost 50% of the participants 
reported having “enough income to live on,” but 16% reported 

“not enough to make ends meet.” Over half of the participants 
had completed at least some college. Less than half reported 
adequate exercise (defined as 1–3 h in the past week) and about 
half rated themselves as having good/very good or excellent 
perceived health.

Sleep Quality and Daytime Sleepiness
The majority (73%) of participants reported being “poor sleep-
ers.” The mean PSQI was 7.2 ± 4.1 across the 3 time points 
with poor scores across all of the PSQI sub-scales of sleep 
quality, latency, duration, habitual sleep efficiency, and sleep 
disturbances Table 2. Only 14% of the sample reported feel-
ing sleepy on the SSS. Overall, the average hours of noctur-
nal sleep reported was 6.3 (± 1.6) h/night. The mean ESS total 
score was 7, which compared to the general population is not 
considered sleepy. Subjective sleep variables at baseline, 3 
months, and 6 months are reported in Table 2.

Behavioral Alertness
The distributions of PVT mean response times at baseline, 
3 months, and 6 months are shown in Figure 1. Baseline, 
3-month, and 6-month PVT outcome metrics and score inter-
pretations are reported in Table 3. Behavioral alertness was 
poor as evidenced by the slow PVT raw average mean RT 
(345.28 ± 150.56 ms) and 1/RT (3.16 ± 0.74) over the 3 time 
points. The 2 measures of errors averaged over time, total er-
rors (1.85 ± 2.90), and fastest 10% RT (226.68 ± 55.09 ms) indi-
cated that participants were making the effort to perform well 
on the test. The correlations between PVT mean 1/RT and each 
subjective sleep measure were modest and consistent over time 
(PSQI: −0.273, −0.130, −0.164; ESS: −0.204, −0.340, −0.265 
and SSS: −0.273, −0.130, −0.164).D
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Characteristics associated with behavioral alertness were 
identified using mixed-effect linear modeling (Table 4). De-
mographic characteristics associated with slower response 
time included: older age and female gender (coefficient of one-
year change in age (β = −0.02, p < 0.001; coefficient of fe-
male compared to male (β = −0.31, p < 0.001). Kidney disease 
was strongly associated with slower response time (β = −0.32, 
p = 0.001). Self-reported fair/poor perceived health was also 
associated with slower response time (coefficient of good/
very good/excellent compared to poor/fair health (β) = −0.20, 
p = 0.013). Higher ESS values (more sleepiness) and PSQI 
(worse sleep) were associated with slower response times (co-
efficient for a one-unit increase in ESS (β) = −0.02, p = 0.002 
and PSQI (β) = −0.02, p = 0.029). Reporting more than one 
hour of exercise each week was associated with a faster re-
sponse time (β = 0.21, p = 0.005).

Data are not shown for the generalized estimating equation 
model because there were no significant differences with the 
mixed effect linear model results. Data also are not shown for 
the model that included imputed AHI data because AHI was 
not a significant predictor of PVT and there were no significant 
differences between the models with and without imputed AHI 
data. There were no differences in the results by site.

DISCUSSION

The aims of this study were to describe characteristics of sleep 
across three outcome domains and identify modifiable factors 
associated with behavioral alertness in community-dwelling 
adults with HF. The subjective sleep measures illustrated an in-
teresting picture. Although the majority of participants reported 

Table 1—Baseline demographic and clinical characteristics of the sample.

Values presented as mean ± standard deviation or n (%). NYHA, New York Heart Association; PHQ-9, Patient Health Questionnaire-9; COPD, chronic 
obstructive pulmonary disease; AHI, apnea-hypopnea index.

Overall Sample (n = 280)
Demographic Variables

Age (years) 62.0 ± 12.5
Gender

Male
Female

180 (64.3)
100 (35.7)

Race/Ethnicity 
White
Black

175 (62.5)
105 (37.5)

Education
Less than high school
High school
Some college 

27 (9.6)
102 (36.4)
151 (53.9)

Smoking
Current
Former 
Never 

30 (10.7)
155 (55.4)

95 (33.9)

Body mass index (n = 279) 31.0 ± 7.9
Income

Have more than enough
Have enough
Do not have enough

98 (35.0)
137 (48.9)

45 (16.1)
Perceived overall health

Poor/fair
Good, very good, excellent

128 (45.7)
152 (52.3)

Social support score (n = 270) 72.6 ± 11.5
Exercise

None
Minimal (< 1 h per week)
Adequate (1–3 h per week)

57 (20.4)
104 (37.1)
119 (42.5)

Clinical Variables
Heart failure type (n = 279)

Systolic/mixed
Diastolic 

226 (80.7)
53 (18.9)

Heart failure etiology (n = 279)
Ischemic
Non-ischemic

102 (36.6)
177 (63.4)

Overall Sample (n = 280)
Clinical Variables (continued)

NYHA functional class
Class I & II
Class III
Class IV

66 (23.6)
164 (58.6)

50 (17.9)
Left ventricular ejection fraction (n = 279) 35.4 ± 17.0
Months with heart failure (n = 261) 73.4 ± 71.1
Depression (PHQ-9) 4.4 ± 3.6
Number of comorbid conditions 3.2 ± 2.1
Total number of medications 9.9 ± 4.0
Number of medications known to cause 

daytime sleepiness 1.6 ± 1.0

β-blocker 259 (92.5)
Ace-inhibitor 162 (57.8)
ARB 83 (29.6)
Diuretic 226 (80.6)

Lab Values
Hemoglobin (n = 268) 13.0 (1.8)
Serum Sodium (n = 274) 139.0 (4.0)
Creatinine (n = 276) 1.3 (0.6)
BUN (n = 277) 25.4 (15.1)

Comorbid Conditions
Hypertension 181 (65)
Atrial Fibrillation 93 (33)
Renal Disease n = 275 69 (25)
Diabetes 107 (38)
COPD 58 (21)
Number of comorbid conditions 3.2 ± 2.1

AHI (n = 176)  16.2 ± 19.8
< 15 118 (67.1) 
≥ 15 & ≤ 30 31 (17.6)
> 30 27 (15.3)
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Table 2—Self-reported and polysomnographic sleep characteristics at baseline, 3 months, and 6 months.
Baseline (n = 280) 3 months 6 months Score Interpretation

Epworth Sleepiness Scale Total Score 7.0 ± 4.6 6.73 ± 4.60 6.61 ± 4.86 General population: sleepy (≥ 11)
HF population: sleepy (≥ 6)

Stanford Sleepiness Scale total score 2.29 ± 1.21 2.21 ± 1.28 2.24 ± 1.26 
Stanford Sleepiness Scale

Not sleepy (0–3)
Sleepy (≥ 4)Not sleepy 240 (86.0%) 204 (85.7%) 206 (85.1%)

Sleepy 39 (14.0%) 34 (14.3%) 36 (14.9%)
Global Pittsburgh Sleep Quality Index (PSQI) 7.2 ± 4.1 7.2 ± 4.1 7.2 ± 4.1

Good sleep (score < 5)
Poor sleep (score ≥ 5)Good Sleeper 77 (27.5%) 89 (37.4%) 89 (36.8%)

Poor Sleeper 203 (72.5%) 149 (62.6%) 153 (63.2%)
PSQI subscales

Minimum Score = 0 (worse)
Maximum Score = 3 (better)

Subjective sleep quality 1.16 ± 0.82 1.05 ± 0.85 1.02 ± 0.83
Sleep latency 1.10 ± 1.05 1.02 ± 1.06 1.07 ± 1.02
Sleep duration 1.23 ± 0.98 1.04 ± 0.99 1.02 ± 0.99
Habitual sleep efficiency 0.98 ± 1.16 0.77 ± 1.08 0.88 ± 1.17
Sleep disturbances 1.25 ± 0.63 1.24 ± 0.61 1.18 ± 0.58

Table 3—Psychomotor vigilance test variables (PVT) at baseline.
PVT Outcome Metric Baseline 3 months 6 months Specific Score Interpretation
Mean reaction time (ms) 353.86 ± 138.73 343.16 ± 137.70 337.44 ± 174.19 Normal range ≥ 100 ≤ 500 ms
Mean response time (1/RT) (n = 274) 3.09 ± 0.76 3.17 ± 0.74 3.23 ± 0.71 Lower scores indicate poorer performance 

Lapses (untransformed) (n = 273) 8.52 ± 13.10 7.44 ± 12.43 7.01 ± 11.97 Responses ≥ 500 ms; higher scores means more 
lapses; worse performance

Transformed Lapses (n = 274) 5.00 ± 3.49 4.57 ± 3.26 4.44 ± 3.19 Transformed for normalization of variances, which 
reduces the influence of outliers 

Total Errors (n = 271) 1.94 ± 3.19 1.68 ± 2.48 1.93 ± 2.94 Good normal performance, indicating that subjects 
were making the effort to do well on the test.

Fastest 10% RT ms (n = 274) 229.04 ± 54.22 225 ± 46.37 225.54 ± 63.54 Higher scores indicate good performance 
Slowest 10% 1/RT (n = 274) 1.92 ± 0.68 2.02 ± 0.67 2.07 ± 0.67 Lower scores indicate poor performance

Table 4—Mixed-effect linear regression model for the mean psychomotor vigilance test response times over time (n = 268).
Independent Variables β-coefficient SE 95% CI p value

Female gender −0.31 0.09 −0.47 to −0.14  < 0.001
Age −0.02 0.01 −0.02 to −0.01  < 0.001
Race −0.17 0.09 −0.34 to 0.01 0.051
Education  0.09 0.06 −0.03 to 0.21 0.134
Perceived health −0.20 0.08 −0.37 to −0.04 0.013 
MSPSS total score  0.01 0.01 −0.01 to 0.01 0.313
Kidney disease −0.32 0.09 −0.49 to −0.14 0.001
Body mass index −0.01 0.01 −0.02 to 0.00 0.066
Medications associated with somnolence −0.01 0.03 −0.07 to 0.05 0.828
NYHA Functional Class Score −0.02 0.03 −0.08 to 0.03 0.371
Site  0.05 0.06 −0.06 to 0.16 0.398
Exercise (> 1 h compared to none)  0.21 0.07  0.06 to 0.36 0.005
Epworth Sleepiness Scale −0.02 0.01 −0.04 to −0.01 0.002
Pittsburgh Sleep Quality Index −0.02 0.03 −0.04 to −0.01 0.029

CI, confidence interval; MSPSS, Multidimensional Scale of Perceived Social Support; NYHA, New York Heart Association.
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being “poor sleepers,” only 14% of participants reported being 
“sleepy,” according to the SSS and daytime sleepiness scores 
were relatively low. Behavioral alertness was poor although 
participants reported not feeling very sleepy; however, their er-
ror scores were low indicating that they were trying to perform 
well on the test despite experiencing poor behavioral alertness. 
Overall, these study results indicate a distinct mismatch be-
tween daytime sleepiness and behavioral alertness.

The results of this study support those of others who have 
found that HF patients do not report daytime sleepiness.6,7 
The proposed mechanism for the lack of daytime sleepiness 
is that these patients may have elevated suprabulbar subcorti-
cal noradrenergic activity that stimulates alertness and neu-
tralizes perceptions of sleepiness. These effects may cause 
chronic sleep fragmentation and sleep deprivation27 or a state 
of heightened arousal, which then increases adrenergic drive. 
This arousal system has important adrenergic inputs that are 
integrated into the fight-or-flight response.28 It is possible that 
activation of the adrenergic system in HF may counteract the 
effects of both chronic sleep disruption and the sleep fragmen-
tation, subsequently leading to a lack of daytime sleepiness.

We also identified specific factors contributing to behavioral 
alertness, focusing on those that can be modified in future in-
terventions. Specifically, patients who exercised at least one 
hour per week had better alertness than those who were sed-
entary. One explanation is that exercise causes an increase in 
core body temperature, which facilitates the initiation of sleep 
due to the activation of heat dissipation mechanisms controlled 
by the hypothalamus.29 On the other hand, this finding could 
be due to reverse causality in that patients who feel dulled and 
inattentive may be less inclined to exercise. In reality the re-
lationship between exercise and alertness is probably bi-direc-
tional; however, in this study we only evaluated the alertness 
as an outcome. This finding does suggest that exercise may be 
a useful approach for promoting behavioral alertness.

Another predictor of poor behavioral alertness was poor per-
ceived health, a measure of self-reported health status. Percep-
tions of poor health have been shown to be a strong predictor 
of adverse health outcomes, particularly among HF patients.30 
Those with poor perceived health are less likely to adhere to 
prescribed medical therapy and participate in physical activ-
ity, leading to decreased sleep quality and impaired behavioral 
alertness.31

The finding that kidney disease was strongly associated with 
slower response time can be explained by the known associa-
tion between kidney disease and drowsiness.32 Sleep disorders 
are common in patients with kidney failure on dialysis,32,33 but 
we specifically excluded these patients. As impaired kidney 
function is so common in HF, further study is needed explore 
the association between kidney function and sleep parameters.

Two factors, gender and age, confirm the results of prior stud-
ies. Women are known to have slower response times compared 
to men independent of age and sleep pressure.34 This sex dif-
ference is likely due to response bias, as women tend to bias 
towards accuracy and men tend to bias toward speed.34 Older 
participants also had slower response times, consistent with 
prior studies35 and the known impact of age on vigilance related 
tasks.36 Notably, however, compared to relatively healthy older 
adults of roughly the same age, our population of HF patients 
performed much worse on PVT measures. In comparison, our 
cohort had lower PVT mean response times (3.09 ± 0.76 ver-
sus 3.85 ± 0.50), lower slowest 10% 1/RT (1.92 ± 0.68 versus 
2.55 ± 0.5), and more lapses in attention (8.5 ± 13.1 versus 
2.45 ± 1.50) compared to age- and gender-specific norms, all in-
dicating poorer performance.37 Further research is warranted to 
understand if factors other than poor sleep contribute to the poor 

Figure 1—Psychomotor vigilance test (PVT) response 
times measured at baseline, 3 months, and 6 months. 

Response times < 4 are slower than average and indicate poorer 
psychomotor performance. The majority of the sample had poorer 
behavioral alertness than expected at all three points in time over 6 months.
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performance of these older, physically compromised individuals 
on the PVT compared to their healthy elderly counterparts.

We found no relationship between sleep disordered breath-
ing and behavioral alertness consistent with a recent study by 
Bitter and colleagues.38 They reported that patients with sys-
tolic HF and sleep apnea (central or obstructive) reported no 
differences in sleep symptoms compared to HF patients with-
out sleep apnea. All of the HF patients reported occasionally 
feeling chronically fatigued, experiencing daily sleepiness and 
napping. Conversely, a study by Gieb and colleagues reports 
that patients with a higher AHI had worse daytime fatigue, un-
intentional sleep, and impaired vigilance.39 The differences in 
our findings may be explained by differences in the prevalence 
of moderate and severe sleep apnea in the two samples. In the 
cross-sectional Gieb study, 67% and 26% of participants re-
ported severe and moderate sleep apnea respectively, compared 
to 15% and 18% of severe and moderate sleep apnea in our 
sample. Another important difference was in the measurement 
of alertness. Gieb et al. measured alertness objectively using 
Quatember Maly, rather than the PVT, but it was completed 
on fewer than half (92/222 or 41%) of participants. Gieb and 
colleagues were able to more fully characterize sleep apnea in 
their sample due to recent polysomnography on each partici-
pant, while we were able to thoroughly compare objective and 
subjective measures of sleepiness at three points in time over 6 
months. Given differences in the clinical characteristics of the 
sample, measurement, and the length of follow-up, both stud-
ies contribute unique but different information about sleepi-
ness in the HF patient population.

Limitations
Limitations of this study include the use of data from a prospec-
tive cohort study, which, by design, excluded some chronic HF 
patients. The parent study excluded patients with depression, 
specifically a PHQ-9 > 10. Depression is associated with sleepi-
ness so excluding patients with moderate depression may have 
led to an underestimate of sleep-related symptoms. Another 
limitation is that the AHI variable was obtained in two differ-
ent ways (prior polysomnograph in a laboratory, Embletta study 
in the home). There was a significant amount of missing data for 
this variable, which was handled with robust methods for im-
putation in the sensitivity analysis models. In addition, exercise 
was measured by self-report rather than objectively, and the 
time of day in which exercise was performed was not reported. 
This sample was younger and more likely to be male than some 
community samples with HF, and thus these results may not 
be generalizable to all patients with HF. These limitations are 
partially offset by strengths, including measurement of sleep 
quality, daytime sleepiness, and behavioral alertness with sub-
jective and objective measures over three points in time in a 
large sample of adults with chronic HF. We enrolled partici-
pants from three separate and distinctly different sites, which 
provided a robust and diverse sample. The population was well 
characterized, which allowed us to assess multiple confounders.

Implications and Future Research
We demonstrated that the typical match between daytime 
sleepiness and behavioral alertness was not found in patients 

with HF; instead, these patients demonstrated poor behavioral 
alertness even though they did not report feeling sleepy. Poor 
sleep quality has been shown to contribute to poor self-care 
and rehospitalization in these patients, underscoring the need 
to study sleep in adults with HF.40,41 The results of this study 
highlight the importance of objective measures of neurobehav-
ioral performance especially in the context of incongruence 
with self-reported measures. Further research should include 
objective measures of exercise to understand the mechanisms 
by which exercise improves behavioral alertness in HF. If sleep 
can be improved through exercise it may be a useful method of 
improving self-care in HF patients.

ABBRE VI ATIONS

AHI, apnea-hypopnea index
BMI, body mass index
ESS, Epworth Sleepiness Scale
HF, heart failure
NYHA, New York Heart Association
PHQ-9 Patient Health Questionnaire-9
PVT, Psychomotor Vigilance Test
PSQI, Pittsburgh Sleep Quality Index
RT, reaction time
SSS, Stanford Sleepiness Scale
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