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OBJECTIVES: To determine whether patients admitted to an ICU during times of 
unprecedented ICU capacity strain, during the COVID-19 pandemic in the United 
Kingdom, experienced a higher risk of death.

DESIGN: Multicenter, observational cohort study using routine clinical audit data.

SETTING: Adult general ICUs participating the Intensive Care National Audit & 
Research Centre Case Mix Programme in England, Wales, and Northern Ireland.

PATIENTS: One-hundred thirty-thousand six-hundred eighty-nine patients admit-
ted to 210 adult general ICUs in 207 hospitals.

INTERVENTIONS: Multilevel, mixed effects, logistic regression models were 
used to examine the relationship between levels of ICU capacity strain on the day 
of admission (typical low, typical, typical high, pandemic high, and pandemic ex-
treme) and risk-adjusted hospital mortality.

MEASUREMENTS AND MAIN RESULTS: In adjusted analyses, compared 
with patients admitted during periods of typical ICU capacity strain, we found 
that COVID-19 patients admitted during periods of pandemic high or pandemic 
extreme ICU capacity strain during the first wave had no difference in hospital 
mortality, whereas those admitted during the pandemic high or pandemic extreme 
ICU capacity strain in the second wave had a 17% (odds ratio [OR], 1.17; 95% 
CI, 1.05–1.30) and 15% (OR, 1.15; 95% CI, 1.00–1.31) higher odds of hospital 
mortality, respectively. For non-COVID-19 patients, there was little difference in 
trend between waves, with those admitted during periods of pandemic high and 
pandemic extreme ICU capacity strain having 16% (OR, 1.16; 95% CI, 1.08–
1.25) and 30% (OR, 1.30; 95% CI, 1.14–1.48) higher overall odds of acute hos-
pital mortality, respectively.

CONCLUSIONS: For patients admitted to ICU during the pandemic, unprec-
edented levels of ICU capacity strain were significantly associated with higher 
acute hospital mortality, after accounting for differences in baseline characteris-
tics. Further study into possible differences in the provision of care and outcome 
for COVID-19 and non-COVID-19 patients is needed.

KEY WORDS: bed census; COVID-19; critical care; intensive care unit capacity 
strain; mortality

Outcomes for critically ill patients admitted to ICUs are influenced by a 
variety of factors, in addition to the therapies received. These factors 
include: the organization of care (e.g., “closed” compared with “open” 

ICUs) (1), the experience gained from previously treating similar patients (e.g., 
volume-outcome relationships) (2, 3), and the numbers/skill mix of available 
staff (e.g., patient to intensivist ratios) (4). We recently reported that how busy 
an ICU is on any given day (termed ICU capacity strain) is associated with 
acute hospital mortality (5). ICU capacity strain can be seen as a mismatch 
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between supply and demand, with availability of beds, 
staff, and/or other resources (as supply) and the need 
to admit and provide care for critically ill patients (as 
demand). ICU capacity strain not only has adverse 
consequences for patient outcomes but may also ad-
versely affect the well-being of members of the health-
care delivery team (6, 7).

The severe acute respiratory syndrome coronavirus 
2 (COVID-19) pandemic created a huge demand in 
the number of patients requiring critical care world-
wide. Meeting this demand placed an unprecedented 
capacity strain on healthcare systems, and particularly 
on ICUs (8–10) with hospitals having to rapidly expand 
their critical care capacity. This translated into hospi-
tals increasing the number of, and staffing for, beds 
within ICUs and creating new “surge” critical care beds 
in areas outside of recognized ICUs. Meeting the staff-
ing and resources challenges for these additional beds 
resulted in reduced critical care staffing ratios within 
ICUs and redeployment of healthcare personnel with 
little to no experience in providing critical care. On top 
of this, resources such as equipment (e.g., mechanical 
ventilators) and medications (e.g., sedatives) may have 
been, at times, in short supply (11, 12).

The COVID-19 pandemic offered the opportu-
nity to explore the relationship between patient out-
come and unprecedented ICU capacity strain. Using 
the national clinical audit of the Intensive Care 
National Audit & Research Centre (ICNARC) Case 
Mix Programme, this study compared acute hospital 
mortality in patients admitted during periods of typ-
ical ICU capacity strain with patients admitted during 
periods with pandemic levels of ICU capacity strain 
outside of the typical range. We then compared trends 
between the first two “waves” of the COVID-19 pan-
demic in the United Kingdom (13).

METHODS

We conducted a large, multicenter, observational co-
hort study using data for all admissions to adult ge-
neral ICUs participating in the ICNARC Case Mix 
Programme in England, Wales, and Northern Ireland. 
Two cohorts were identified: a pre-pandemic reference 
cohort of patients admitted March 1, 2019, to February 
29, 2020, and the analysis cohort of patients admitted 
March 1, 2020, to February 28, 2021 (covering the 
first two “waves” of the COVID-19 pandemic in the 
United Kingdom). Only ICUs contributing data to 

both the reference and analysis cohorts were included 
in the analyses. In the analysis cohort, non-COVID-19 
patients were distinguished from COVID-19 patients. 
In both cohorts, patients with missing data required 
to calculate ICU length of stay were excluded. Patients 
admitted prior to March 1 but remaining in ICU on 
March 1 and patients with missing outcome contrib-
uted to the calculation of ICU capacity strain but were 
excluded from the analysis of the impact of strain on 
outcome.

The ICNARC Case Mix Programme is the national 
clinical audit for adult critical care collecting, validat-
ing, and pooling case mix and outcome data for indi-
vidual patient admissions and covering 100% of adult 
general ICUs (including both standalone and combined 
intensive/high-dependency care units) in England, 
Wales, and Northern Ireland. During the pandemic, 
the Case Mix Programme expanded to include patients 
admitted to temporary/expanded critical care areas. If 
patients were cared for in a temporary/expanded area 
by an ICU team that contributed data to both the refer-
ence and analysis cohorts, and if data for those patients 
was included with the ICUs own data submission 
(rather than as a new ICU), then those patients were 
included in the analysis. The geographical distribution 
of cases within the United Kingdom varied over time 
and is beyond the scope of this analysis. Detailed infor-
mation on geographical distribution can be found in 
the ICNARC report on COVID-19 in critical care (14) 
and previously published analyses (13).

Approval for the collection and use of patient identi-
fiable data from the Case Mix Programme was obtained 
under Section 251 of the National Health Service 
Act 2006 (PIAG 2-10(f)/2005). The Confidentiality 
Advisory Group advisory function was previously 
carried out by the National Information Governance 
Board’s Ethics and Confidentiality Committee (2009–
2013) and prior to that, the Patient Information 
Advisory Group (2001–2008). Approval by a research 
ethics committee was not required, as the analysis was 
performed as a service evaluation.

Exposure of Interest: ICU Capacity Strain

ICU bed census on the date of ICU admission was used 
as the measure of ICU capacity strain, as previously 
described by Wilcox et al (5). Typical ICU capacity strain, 
for each ICU, was defined with respect to the range 
observed in the reference cohort. Aligning with Wilcox 
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et al (5), “typical high” and “typical low” strain were de-
fined as more than 10% above or below the median bed 
census observed for each ICU from the reference cohort. 
We initially defined “pandemic high” ICU capacity strain 
as values exceeding the maximum ICU bed census for 
each ICU during the pre-pandemic reference period, but 
in response to reviews, further subdivided this into “pan-
demic high” (up to 50% greater than the pre-pandemic 
maximum) and “pandemic extreme” (more than 50% 
greater than the pre-pandemic maximum). We also de-
fined, a priori, a category of “pandemic low” (less than 
the pre-pandemic minimum). ICU capacity strain was 
assessed on the day of admission to ICU.

Outcomes

The primary outcome was acute hospital mortality. 
All patients were followed up until ultimate discharge 
from acute hospital, after any transfers occurring be-
tween acute hospitals.

Statistical Analysis

Baseline characteristics and unadjusted outcomes were 
tabulated using standard summary statistics. We fitted 
multilevel, mixed effects, logistic regression models for 
each outcome, including random effects for each ICU, 
and with the following covariates: ICU capacity strain 
(categories, as defined above); age (linear); sex; ethnic 
group (White/Black/Asian/mixed/other/not stated); 
index of multiple deprivation (quintile for area of resi-
dence) (15); body mass index (< 18.5/18.5 to < 25/25 to 
< 30/30 to < 40/40+); severe comorbidities (absence/
presence of: cardiovascular—symptoms at rest; respi-
ratory—symptoms with light activity or home venti-
lation; renal—renal replacement therapy for end-stage 
kidney disease; liver—biopsy-proven cirrhosis, portal 
hypertension, or hepatic encephalopathy; hematolog-
ical malignancy; metastatic disease; immunocompro-
mise due to disease or treatment); dependency prior to 
hospital admission (none/some/total); location prior to 
ICU admission (emergency department or not in hos-
pital/theater/ward/other critical care unit/other acute 
hospital); urgency of surgery (elective/emergency); 
cardiopulmonary resuscitation prior to ICU admission 
(out-of-/in-hospital/none); ICNARC Physiology Score 
(linear) (16); and primary reason for ICU admission 
(categorized according to the ICNARC risk prediction 
model [17], with additional category for COVID-19).

Nine models were fitted. First, three separate models 
were fitted for: 1) all patients combined; 2) COVID-19 
patients only; and 3) non-COVID-19 patients. Second, 
these three separate models were then fitted for: 1) 
patients admitted during the first “wave” (admissions 
up to August 31, 2020) and 2) patients admitted dur-
ing the second “wave” (admissions from September 1, 
2020). Joint significance was assessed using chi-square 
statistics for all ICU capacity strain categories simulta-
neously within each model.

RESULTS

The pre-pandemic reference cohort included 170,222 
admissions (for 153,436 patients) admitted between 
March 1, 2019, and February 29, 2020, and the anal-
ysis cohort included 146,045 admissions (for 130,689 
patients) admitted between March 1, 2020, and 
February 28, 2021 (Fig. 1). Both cohorts included 211 
ICUs in 207 hospitals. In the analysis cohort, one-fifth 
of patients were admitted during periods ICU occu-
pancy strain outside of the range observed during the 
pre-pandemic reference period (pandemic high or 
pandemic extreme).

For the analysis cohort (Supplementary Table 1, 
http://links.lww.com/CCM/G988), baseline character-
istics, unadjusted outcomes, and ICU length of stay are 
presented overall and across categories of ICU capacity 
strain (note: pandemic low/low categories were com-
bined due to small numbers in pandemic low [n = 85]). 
Because the proportion of patients with COVID-19 
varies substantially between categories of ICU occu-
pancy strain, patterns in other baseline characteristics 
are best interpreted among patients with COVID-19 
(Supplementary Table 2, http://links.lww.com/CCM/
G988) and non-COVID-19 (Supplementary Table 3, 
http://links.lww.com/CCM/G988), separately. One ex-
ample that illustrates this, is the patterns for discharge 
at night, a known indicator of pressure on ICU beds. 
Little difference is seen across ICU capacity strain 
categories for COVID-19 patients, however, for non-
COVID-19 patients, the proportion discharged at 
night rises from 6.7% to 12.2% as ICU capacity strain 
increases.

Comparing non-COVID-19 patients admitted 
during the pandemic (analysis cohort) with patients 
admitted pre-pandemic (reference cohort), baseline 
characteristics, unadjusted outcomes, and ICU lengths 
of stay were remarkably similar (Supplementary 

http://links.lww.com/CCM/G988
http://links.lww.com/CCM/G988
http://links.lww.com/CCM/G988
http://links.lww.com/CCM/G988
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Table 4, http://links.lww.com/CCM/G988). Other 
than the proportion of COVID-19 patients increasing, 
there were only modest differences in the characteris-
tics of patients admitted in “wave 1” versus “wave 2” 
(Supplementary Table 5, http://links.lww.com/CCM/
G988). However, indicators of strain such as out-of-
hours discharge increased.

During the pre-pandemic reference period, the me-
dian (interquartile range) bed census (the number of 
other patients in ICU on the index patient’s day of ad-
mission, across all ICUs) was 17.3 (sd: 11.2 and ranged 
from 14.4 to 19.6 over the year) (Fig. 2A). During the 
analysis period, immediately prior to the first “wave,” 
as elective surgery was canceled, the mean bed census 
decreased to 12.8 (sd: 8.4, March 21, 2020) and then 
rose to a maximum of 27.8 (sd: 24.5, April 15, 2020) in 
the first “wave.” Between the first and second “waves,” 
the mean bed census dropped to a minimum of 12.3 
(sd: 8.2, June 21, 2021) and then rose again to a max-
imum of 35.1 (sd: 31.9, January 25, 2021) in the second 
“wave.” During the peaks of both pandemic waves, 
most patients were exposed to ICU capacity strain 
exceeding the range previously experienced by the 
admitting ICU (i.e., pandemic high or pandemic ex-
treme), while, immediately prior to the first “wave” and 
in the period between the “waves,” most patients were 

exposed to typical low ICU capacity strain (Fig. 2B). A 
total of 177 out of 211 ICUs (84%) experienced periods 
of pandemic high or pandemic extreme strain, during 
which time 21.1% of patients were admitted (Fig. 3). 
Only 85 patients were admitted during periods of ICU 
capacity strain below the pre-pandemic reference min-
imum, so “pandemic low” was combined with “typical 
low” for analysis purposes.

There was some evidence of triaging access to ICU, 
with both COVID-19 and non-COVID-19 patients 
admitted during periods of higher ICU capacity strain 
having slightly higher (worse) ICNARC Physiology 
Scores and non-COVID-19 patients admitted during 
periods of higher ICU occupancy also having slightly 
lower levels of dependency prior to ICU admission. 
Unadjusted acute hospital mortality for COVID-19 
patients was 44% for those admitted during periods 
of typical high, pandemic high, or pandemic extreme 
ICU occupancy strain, compared with 41% for those 
admitted during periods of typical low or typical ICU 
occupancy (Supplementary Table 2, http://links.lww.
com/CCM/G988). For non-COVID-19 patients, un-
adjusted mortality increased linearly from 21.6% (typ-
ical low) to 36.5% (pandemic extreme).

In models using patients exposed to typical ICU 
capacity strain as the reference category and after 

Figure 1. Flow diagram of admissions during pre-pandemic reference and analysis periods.

http://links.lww.com/CCM/G988
http://links.lww.com/CCM/G988
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accounting for differences in baseline characteristics, 
a significant, monotonic (dose-response) relation-
ship was observed between exposure to higher ICU 
capacity strain and higher acute hospital mortality, 
overall and for patients with COVID-19 and non-
COVID-19 (Table  1). However, patterns differed be-
tween COVID-19 and non-COVID-19 patients and 
between patients admitted during the first and second 
waves of the pandemic. During the “wave 1,” the 

adjusted association between ICU capacity strain and 
acute hospital mortality was only apparent and signif-
icant for non-COVID-19 patients, who were at 37% 
higher odds of acute hospital mortality if admitted 
during periods of pandemic extreme ICU occupancy 
strain (odds ratio [OR], 1.37; 95% CI, 1.05–1.81). 
During “wave 2,” COVID-19 patients admitted during 
periods of pandemic high or pandemic extreme ICU 
occupancy were also at increased risk of acute hospital 

Figure 2. ICU capacity strain between March 1, 2019, and February 28, 2021. A, Mean bed census (the number of other patients in 
ICU on the index patient’s day of admission, averaged across all ICUs). B, ICU capacity strain: pandemic low, less than observed range 
of values for the ICU during the pre-pandemic period; typical low, more than 10% below the pre-pandemic median bed census for each 
ICU but within the observed range; typical, within ± 10% of the pre-pandemic median; typical high, more than 10% above the pre-
pandemic median up to the pre-pandemic maximum; pandemic high, up to 50% greater than the pre-pandemic maximum; and pandemic 
extreme, more than 50% greater than the pre-pandemic maximum bed census for the ICU.
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mortality (OR, 1.17; 95% CI, 1.05–1.30 and OR, 1.15; 
95% CI, 1.00–1.31, respectively), while the pattern for 
non-COVID-19 patients (OR, 1.16; 95% CI, 1.06–
1.28 and OR, 1.28; 95% CI, 1.10–1.50, respectively) 
remained comparable to “wave 1.”

DISCUSSION

For patients admitted to ICU during the pandemic, 
higher than typical levels of high ICU capacity strain 
were significantly associated with higher acute hos-
pital mortality, after accounting for differences in 
baseline characteristics. In the first “wave,” with fewer 
periods of pandemic high strain, the association of 
higher strain with higher acute hospital mortality was 

observed solely for non-COVID-19 patients. In the 
second “wave,” with more periods of pandemic high 
strain, the association was observed for both non-
COVID-19 and COVID-19 patients.

Interestingly, the United States has more ICU beds 
per capita than almost any other country in the world, 
and by comparison, with the United Kingdom by al-
most an order of magnitude (18). Although this has 
been a cause for criticism as a potential source of ineffi-
ciency and high-cost/low-cost care (19), the COVID-19  
pandemic tested this thesis, as countries across the 
world were forced to triage ICU resources. In a na-
tionally representative survey of 169 U.S. hospitals, 
Kerlin et al (20) report highly variable responses to the 
need to scale up ICU capacity including canceling or 

Figure 3. Distributions of patient-level ICU bed census on date of admission compared with the maximums observed for the admitting 
ICU during the pre-pandemic reference period.
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postponing procedures to preserve ICU bed capacity 
and increase or preserve access to equipment such as 
mechanical ventilators. These efforts were focused pri-
marily on reducing the overall demand for ICU care 
by non-COVID-19 patients. Similar efforts were made 
in the United Kingdom, likely meeting some success 
in “wave 1,” however in “wave 2,” where the greatest 
influx of patients was seen, and sustained for a longer 
period of time, such efforts likely fell short and ICU 
capacity strain was at its greatest which may be why 
a greater impact is seen on patient outcome. In an in-
ternational survey of critical care practitioners car-
ing for patients with COVID-19, at different stages of 
the pandemic up to one third of responders reported 
that limits were placed on administering mechanical 
ventilation, and more than half reported changes to 
policies and practices for cardiopulmonary resuscita-
tion (21). The need to place limitations on mechanical 
ventilation is indicative of levels of ICU capacity strain 
reached in those countries. Although regional differ-
ences may exist with regards to pandemic ICU ca-
pacity strain within our dataset, this was more likely to 
have happened in “wave 2” when the greatest number 
of patients were being care for—numbers at which care 

for both COVID-19 and non-COVID-19 patients was 
affected.

Our findings of the association of strain with mor-
tality are in keeping with those recently published by 
Bravata et al (8), who, despite using a different measure 
of strain, found a similar association between strain 
and acute hospital mortality for COVID-19 patients, 
a finding that was consistent across two pandemic 
waves at 88 Veterans Affairs hospitals in the United 
States. However, the relationship between strain for 
non-COVID-19 patients was not explored (8). More 
generally in the nonpandemic literature, despite var-
iation in how ICU capacity strain is measured, stud-
ies using the most commonly described indicators of 
strain consistently report an association with adverse 
outcomes, deviations in care processes, and changes 
in resource use (22–28). Furthermore, in a large ret-
rospective cohort of 558 U.S. hospitals large surges 
in COVID-19 case load were found to significantly 
impact patient survival, eroding potential benefits of 
emerging therapies (29). The reported surge index (a 
severity weighted measure of COVID-19 caseload rel-
ative to pre-COVID-19 bed capacity) was associated 
with increased risk of death both on the ward and in 

TABLE 1. 
Adjusted Hospital Mortality Across Categories of ICU Capacity Strain

Adjusted OR 
for Hospital 
Mortality

ICU Capacity Strain  
Within Reference Range

ICU Capacity Strain Outside 
Reference Range

p > χ2Typical Low Typical Typical High Pandemic High
Pandemic 
Extreme

Both waves

 All patients 0.93 (0.89–0.97) Reference 1.07 (1.02–1.12) 1.12 (1.06–1.18) 1.11 (1.03–1.20) p = 8 × 10–12

  COVID-19 0.92 (0.83–1.01) Reference 1.02 (0.93–1.11) 1.12 (1.03–1.22) 1.10 (0.99–1.23) p = 0.0002

  Non- 
  COVID-19

0.95 (0.90–1.00) Reference 1.10 (1.04–1.17) 1.16 (1.08–1.25) 1.30 (1.14–1.48) p = 3 × 10–11

Wave 1 only

 All patients 0.94 (0.88–1.00) Reference 1.05 (0.96–1.13) 1.05 (0.96–1.16) 1.08 (0.93–1.25) p = 0.02

  COVID-19 0.88 (0.76–1.02) Reference 0.90 (0.76–1.05) 1.00 (0.85–1.17) 1.01 (0.82–1.25) p = 0.25

  Non- 
  COVID-19

0.96 (0.89–1.03) Reference 1.11 (1.01–1.23) 1.10 (0.96–1.27) 1.37 (1.05–1.81) p = 0.001

Wave 2 only

 All patients 0.93 (0.87–1.00) Reference 1.08 (1.01–1.15) 1.14 (1.06–1.22) 1.13 (1.02–1.24) p = 2 × 10–6

  COVID-19 0.93 (0.81–1.07) Reference 1.07 (0.96–1.20) 1.17 (1.05–1.30) 1.15 (1.00–1.31) p = 0.003

  Non- 
  COVID-19

0.97 (0.89–1.05) Reference 1.10 (1.02–1.20) 1.16 (1.06–1.28) 1.28 (1.10–1.50) p = 0.00005

OR = odds ratio.
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the ICU; a finding that was also stronger in the second 
“wave” of cases experience (29).

The strengths of this study include the nation-
ally representative cohort of ICUs across England, 
Wales, and Northern Ireland and the inclusion of both 
COVID-19 and non-COVID-19 patients in our in-
vestigation. Another strength was the availability of 
a reference cohort to determine ICU capacity strain 
under nonpandemic conditions to understand the ad-
ditional strain for each ICU during pandemic condi-
tions. One limitation of our study was a greater level 
of missing data in the analysis cohort compared with 
the reference cohort, likely due to the pressures of 
the pandemic (0.5% vs 0.03% for ICU length of stay; 
1.1% vs 0.6% for acute hospital mortality)—but with 
both cohorts having very low absolute levels of miss-
ing data. We used only one measure of ICU capacity 
strain, bed census, which does not account for other 
human factors that likely weighed in during the pan-
demic. Other than bed occupancy levels, we do not 
have other data on key organizational factors, such as 
staffing levels, to contextualize our results. Previous 
work has identified some differences in prognostic 
factors for patients with COVID-19, compared with 
standard critical care risk prediction models (30), and 
risk-adjusted mortality changed across the “waves” of 
the pandemic (14). While we addressed these potential 
limitations by including additional prognostic factors 
in adjusted models and by fitting separate models for 
patients with and without COVID-19 and for the two 
“waves” of the pandemic, there remains scope for re-
sidual confounding, especially in light of apparent tri-
aging of patients during periods of extreme occupancy 
strain. Last, a limitation of our findings is the under-
lying assumption that ICUs are adequately staffed for 
their typical strain, and there were no units in a state 
of persistent capacity strain. However, we attempted to 
minimize this by using a minimum of 1 years’ worth 
of data, as it would be unlikely that an ICU would be 
able to sustain such a level of function prior to the pan-
demic. Although it is possible that timely goals of care 
discussion may have been prioritized during different 
periods of pandemic levels of ICU capacity strain, it is 
unlikely to explain the significant numbers of deaths 
seen during these periods. Additional data items on 
treatment limitations have been recently added to the 
Case Mix Programme data collection but were not 
available during the study period.

The range in ICU capacity strain, as measured by 
bed census, was highly variable. These fluctuations 
in ICU bed census would make it very challenging to 
predict the number of healthcare providers (doctors, 
nurses, other allied professionals) that would be re-
quired from day to day or week to week to staff units 
appropriately. As such, this poses a major challenge for 
future pandemics trying to organize appropriate staff-
ing for ICUs in such high degrees of variation.

CONCLUSIONS

For both COVID-19 and non-COVID-19 patients 
admitted to ICU during periods of unprecedented 
ICU capacity strain, higher strain was significantly 
associated with higher acute hospital mortality, after 
accounting for differences in baseline characteristics.
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