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Abstract

Patient circadian rhythms are often disrupted in an
intensive care unit (ICU). This disruption is associated
with worsened patient outcomes, thus new methods are
needed to quantify patient circadian rhythms. We
hypothesise that the cross-correlation between vital-sign
circadian profiles will allow us to stratify patients by
rhythm strength, without reliance on a prior assumed
rhythm profile.

We selected from the eICU-CRD and MIMIC-III
databases the cohort of patients in their final 24 hours of
ICU stay who subsequently recovered. We then calculated
the mean cross-correlation (R) between each patient’s
systolic blood pressure, heart rate, and respiratory rate
profiles, and grouped them into ‘high’, ‘mid’, and ‘low’
correlation cohorts.

The high-corr. cohorts showed vital-sign profiles that
closely resembled those reported in the literature for
non-ICU cohorts, with peaks at awakening and in the
evening, and a large trough overnight. The mid- and
low-corr. cohorts, in contrast, showed less consistent
and defined peaks and troughs. Vital-sign peak-nadir
excursions in the high-correlation cohorts were greater,
and the length of ICU stay significantly shorter (p < 0.05),
than those for the low-corr. cohorts.

1. Introduction

Patient circadian rhythms are often disrupted in an
intensive care unit (ICU) due to medication, sedation,
inflammation and the ambient ICU environment [1]. This
disruption is associated with worsened patient outcomes
such as delirium [2] and mortality [3]. Abnormal sleep
states and the requirement of additional instrumentation,
such as electroencephalography (EEG, brain activity),
make monitoring circadian rhythms using sleep difficult
in the ICU [4]. Thus, new methods leveraging readily
available ICU information for monitoring patient circadian
rhythmicity are needed.

Circadian rhythms are known to exist in a variety of vital
signs including blood pressure, temperature, respiratory
rate and heart rate [5–7]. In this paper, we focus
on cardio-respiratory vital signs with well-documented
circadian behaviour commonly monitored in the ICU,
specifically systolic blood pressure (SBP), heart rate (HR),
and respiratory rate (RR). These vital signs typically
exhibit an approximately sinusoidal daily pattern, with
elevated levels during the day and a nocturnal dip [5, 7].
Previous studies have found that atypical patterns in SBP,
specifically a ‘non-dipping’ or ‘reverse-dipping’ pattern
(elevated nocturnal SBP) are associated with an increased
risk of myocardial infarction or stroke [8,9]. Traditionally,
‘dipping’, ‘non-dipping’, or ‘reverse-dipping’ behaviour
are established using fixed thresholds (e.g. a 10%
nocturnal decrease in SBP for ‘dipping’ [8]) and rely on
arbitrary definitions of ‘night’ and ‘day’, both of which
vary between studies [5, 8, 9].

We hypothesise that patients who exhibit a ‘dipping’
pattern in SBP are likely to exhibit similar dipping patterns
in other cardio-respiratory vital signs such as HR and RR.
This is intuitive, as ‘non-dipping’ or ‘reverse dipping’
behaviour is thought to be associated with autonomic
nervous system (ANS) disruption [8], which would affect
other vital signs. However, this behaviour has not
previously been shown. This work presents algorithms
for the quantitative assessment of patient circadian
rhythmicity independent of any assumed prior vital-sign
profile or ‘night’ and ‘day’ period. While we have used
hourly measurements for each vital-sign, this quantitative
assessment can potentially be performed with fewer
sample points due to including three cardio-respiratory
vital signs, as opposed to only SBP.

2. Methods

2.1. Data Selection

The following databases were used for this study:
• Medical Information Mart for Intensive Care III
(MIMIC-III), which contains critical care information
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gathered between 2001 and 2012 from the Beth Israel
Deaconess Medical Centre (BIDMC) in Boston, MA, USA
[10, 11].
• The eICU Collaborative Research Database (eICU-CRD),
which contains critical care information gathered between
2014 and 2015 from 208 hospitals across the continental
USA [12].

We applied the selection criteria detailed in [6] to
these databases. These criteria focused on selecting
the final 24 hours prior to discharge from an ICU
of patients who were ultimately discharged home from
the hospital after their ICU stay, and who were not
readmitted within 6 months. This cohort was deemed
most likely to exhibit typical circadian behaviour. The
measurements used were cuff SBP, as well as HR and RR
recorded by bedside monitor. Measurements taken while
a patient was subject to vital-sign altering medication
(e.g. vasopressors) were excluded, as were physiologically
improbable measurements.

2.2. Data Analysis

To build the mean circadian vital-sign profiles, all
measurements for each patient in each one-hourly
left-aligned period were averaged for each vital-sign [6].
We then assessed the mean pairwise Pearson’s cross
correlation (R) between SBP, HR, and RR for the final 24
hours of ICU stay. The mean pairwise cross-correlation
was determined:

R =
RSBP−HR +RHR−RR +RRR−SBP

3
(1)

We grouped the 20% of patients with the greatest
mean pairwise cross-correlation as a ‘high correlation’
cohort, and the 20% of patients with the lowest mean
pairwise cross-correlation as a ‘low correlation’ cohort.
The remaining 60% of patients were placed in a ‘mid
correlation’ cohort.

We then used two sample Student’s t-tests to assess
differences in the underlying demographics such as age,
gender, ICU length of stay (LOS) and the Oxford Acute
Severity of Illness Score (OASIS [13]) between the
cohorts. The hourly 95% confidence interval of the
vital-sign mean was calculated to provide an indication of
intra-cohort variability. The peak - nadir excursion [6] of
each vital-sign profile was calculated as an indication of
rhythm amplitude or strength.

Given the well documented dependency of SBP, HR,
and RR on age and gender, the cohorts were broken down
into gender and age subgroups (as in [6]) to assess the
methodology’s ability to stratify ‘dippers’, ‘non-dippers’,
and ‘reverse-dippers’ within these patient demographics.

3. Results

The cut-offs for the low corr. and high corr. cohorts
were R = -0.02 and 0.38 for MIMIC-III and R = -0.01 and
0.47 for eICU-CRD. From table 1, across both databases,
the high corr. cohort had a shorter LOS than the low corr.
cohort (p < 0.05). In eICU-CRD, the high corr. cohort had
a lower OASIS (p < 0.05) and age (p < 0.05) than the low
corr. cohort.

Table 1. Demographics of the patient cohorts.
Cohort Demographics

MIMIC-III: No. Stays % Men Age LOS OASIS
High Corr. 2,374 60.5 58.2 *2.8 27.6
Mid Corr. 7,123 59.7 59.1 3.0 27.6
Low Corr. 2,374 57.8 57.7 *3.1 27.8
Overall 11,872 59.4 58.6 3.0 27.6

eICU-CRD: No. Stays % Men Age LOS OASIS
High Corr. 6,952 55.3 *57.4 *2.6 *26.5
Mid Corr. 20,855 55.0 59.0 2.7 27.1
Low Corr. 6,952 54.5 *58.4 *2.7 *27.3
Overall 35,143 54.7 58.4 2.7 26.9

* Differences between high and low corr. cohorts, p < 0.05.

From table 2, the high corr. cohort consistently
exhibited the greatest peak-nadir excursions across all
databases and vital-signs.

Table 2. Peak - nadir excursions for the patient cohorts.
Cohort Peak-Nadir Excursion

MIMIC-III: SBP (mmHg) HR (bpm) RR (breath/min)
High Corr. 9.8 7.8 2.8
Mid Corr. 4.9 5.1 1.4
Low Corr. 3.3 3.4 0.7
eICU-CRD: SBP (mmHg) HR (bpm) RR (breath/min)
High Corr. 11.6 8.5 3.4
Mid Corr. 5.1 5.7 1.8
Low Corr. 3.8 4.6 0.9

Fig. 1 shows the overall vital-sign profiles for the
selected patient cohorts, grouped by gender. Consistent
‘reverse-dipping’ in SBP and ‘non-dipping’ behaviour in
RR was present in the low corr. cohort for both databases.
HR profiles showed a more limited variability between the
low corr. and high corr. cohorts. Figs. 2 and 3 show
the vital-sign profiles for men and women, respectively,
grouped by age. The high corr. cohort showed ‘dipping’
behaviour in all vital-signs that more closely correspond
to circadian vital-sign profiles reported in the literature
for non-ICU cohorts. The low corr. cohorts showed
‘non-dipping’ or ‘reverse-dipping’ behaviour in SBP and
RR.

4. Discussion

Consistent nocturnal ‘dipping’ behaviour, which resembles
circadian vital-sign profiles reported in the literature for
non-ICU cohorts of patients [5, 7], was exhibited in
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Figure 1. Vital-sign profiles categorised using the mean
cross-correlation boundaries. MIMIC-III profiles for: a)
SBP; b) HR; c) RR. eICU-CRD profiles for: d) SBP; e)
HR; f) RR.

the high corr. cohorts across the various demographic
subgroups in both MIMIC-III and eICU-CRD databases.
In contrast, the low corr. cohorts demonstrated consistent
‘non-dipping’ or ‘reverse-dipping’ behaviour. This
result supports the notion that the mean cross-correlation
between cardio-respiratory vital-signs can be used to
consistently isolate groups with typical or atypical
circadian behaviour, across cohorts drawn from different
locales, ages, or genders. Further evidence is provided
in table 2 where the peak-nadir excursions in the high
corr. cohort were consistently greater than those in the low
corr. cohort in both databases (though the low corr. cohort
included ‘reverse-dippers’, who may have large peak-nadir
excursions). The peak-nadir excursions in the high corr.
cohort also more closely resemble those reported in the
literature for non-ICU cohorts [5, 7] (previous work has
noted that circadian vital-sign profile amplitude is typically
suppressed in an ICU [6]). Finally, the relative consistency
in the R thresholds for the ‘high’, ‘mid’, and ‘low’
corr. cohorts suggests applicability across databases of
threshold values in the vital-sign cross-correlation metric.

The statistically significant difference in patient LOS in
both databases between the low and high corr. cohorts

Figure 2. Vital-sign profiles in men categorised using
the mean cross-correlation boundaries. MIMIC-III profiles
for: a) SBP; b) HR; c) RR. eICU-CRD profiles for: d)
SBP; e) HR; f) RR.

suggests that these cohorts exhibit differing clinical
presentation. This result corresponds well with the notion
that there is an association between disrupted patient
circadian rhythms and an increased LOS in the ICU [1].

There are several implications of the presented results.
First, they imply that the broader ANS effects associated
with the ‘non-dipping’ or ‘reverse-dipping’ pattern
manifest in disrupted HR and RR behaviour. Second, that
the mean cross-correlation of cardio-respiratory vital-signs
naturally stratifies patients into ‘dipper’, ‘non-dipper’,
and ‘reverse-dipper’ categories suggests it has potential
as a quantitative metric for assessing patient circadian
rhythmicity. Such a metric would be independent
of any assumed prior vital sign profile, which is a
limitation of approaches such as cosinor analysis [5].
Introducing additional, readily available vital-signs to the
process of classifying an individual’s circadian rhythms
also potentially allows for categorisation using fewer
measurements across multiple vital signs.

There are some limitations to this study. Both
databases are from the US, so there is limited diversity in
demographics and clinical practice. Both databases were
collected retrospectively during routine care, rather than as
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Figure 3. Vital-sign profiles in women categorised using
the mean cross-correlation boundaries. MIMIC-III profiles
for: a) SBP; b) HR; c) RR. eICU-CRD profiles for: d)
SBP; e) HR; f) RR.

part of a study designed to analyse circadian rhythmicity.
Finally, all of the results in this study are reported for
cohorts or groups of patients, rather than for individuals.

5. Conclusion

We have shown that the cross-correlation between
cardio- respiratory vital-signs can be used to stratify
patients who show ‘dipping’ as opposed to ‘non-dipping’
or ‘reverse-dipping’ SBP behaviour. We have further
shown that the ‘dipping’ patients have vital-sign amplitudes
that more closely resemble healthy behaviour, and
a statistically significant decrease in LOS. Overall,
these results suggest that the cross-correlation between
cardio-respiratory vital signs has potential as a quantitative
metric to assess patient circadian rhythmicity in the ICU.
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