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ORIGINAL ARTICLE

Systemic inflammation after critical illness:
relationship with physical recovery and exploration

of potential mechanisms

David M Griffith, >3 Steff Lewis,* Adriano G Rossi,? Jillian Rennie,? Lisa Salisbury,
Judith L Merriweather, Kate Templeton,® Timothy S Walsh, "% RECOVER Investigators'

ABSTRACT

Background Physical recovery following critical illness
is slow, often incomplete and is resistant to
rehabilitation interventions. We aimed to explore the
contribution of persisting inflammation to recovery, and
investigated the potential role of human cytomegalovirus
(HCMV) infection in its pathogenesis.

Methods In an a priori nested inflammatory biomarker
study in a post-intensive care unit (ICU) rehabilitation
trial (RECOVER; ISRCTN09412438), surviving adult ICU
patients ventilated >48 h were enrolled at ICU discharge
and blood sampled at ICU discharge (n=184) and

3 month follow-up (N=123). C-reactive protein (CRP),
human neutrophil elastase (HNE), interleukin (IL)-1B,
IL-6, IL-8, transforming growth factor B1 (TGFB1) and
secretory leucocyte protease inhibitor (SLPI) were
measured. HCMV 1gG status was determined (previous
exposure), and DNA PCR measured among seropositive
patients (lytic infection). Physical outcome measures
including the Rivermead Mobility Index (RMI) were
measured at 3 months.

Results Many patients had persisting inflammation at

3 months (CRP >3 mg/L in 59%; >10 mg/L in 28%), with
proinflammatory phenotype (elevated HNE, IL-6, IL-8, SLPI;
low TGFB1). Poorer mobility (RMI) was associated with
higher CRP (B=0.13; p<0.01) and HNE (8=0.32; p=0.03),
even after adjustment for severity of acute illness and pre-
existing co-morbidity (CRP p=0.14; p<0.01; HNE p=0.30;
p=0.04). Patients seropositive for HCMV at ICU discharge
(63%) had a more proinflammatory phenotype at

3 months than seronegative patients, despite undetectable
HMCV by PCR testing.

Conclusions Inflammation is prevalent after critical
illness and is associated with poor physical recovery during
the first 3 months post-ICU discharge. Previous HCMV
exposure is associated with a proinflammatory phenotype
despite the absence of detectable systemic viraemia.

Trial registration number ISRCTN09412438,

post results.

INTRODUCTION

Survivors of critical illness suffer physical weakness
and functional impairment that can be severe and
long-lasting.! * Understanding of the pathophysio-
logical processes that result in neuromuscular dys-
function during critical illness is improving,® * but
there is little evidence that interventions delivered
after injury has occurred can improve physical out-
comes.” A systematic review of exercise-based
rehabilitation trials initiated after intensive care

What is the key question?

» s systemic inflammation prevalent during
recovery from critical illness and is it associated
with physical recovery?

What is the bottom line?

» Systemic inflammation is highly prevalent
during recovery from critical illness and is
independently associated with physical
recovery.

Why read on?

» We present inflammatory persistence as a
plausible mechanism for poor physical function
after critical illness and intriguing data that
raise the possibility that human
cytomegalovirus infection may contribute.

unit (ICU) discharge,® and our recently published
rehabilitation trial (RECOVER)” suggest no effect
on physical recovery when the intervention is
started during the post-ICU period. Reasons for
this lack of response are uncertain, but could
include an established neuromuscular deficit or per-
sisting  pathophysiological ~processes  blocking
muscle recovery. The inflammatory nature of most
critical illness raises the possibility that persisting
inflammation could directly interfere with neuro-
muscular regeneration.

Damage to the neuromuscular unit occurs early
during an episode of critical illness; identified risk
factors include sepsis, inflammation, multiple organ
failure and hyperglycaemia.® Multiple studies have
observed  associations between inflammatory
markers and muscle function in chronic inflamma-
tory diseases,”'* making it a plausible risk factor
for poor physical recovery after critical illness. The
prevalence of persisting inflammation and its asso-
ciation with recovery have not been described in
unselected critical care cohorts.?

The factors that modulate persistence and reso-
lution of inflammation after critical illness have also
not been studied. A possible mechanism of persist-
ence is viral reactivation, particularly of human
cytomegalovirus (HCMYV), which frequently reacti-
vates during ICU admission in previously exposed
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Critical care

individuals and is associated with poorer ICU outcomes and
higher mortality."*™'* HCMV infection (both latent and lytic)
can modify the innate immune response,”® %' providing a bio-
logically plausible mechanism for persisting inflammation.

In the RECOVER trial, we included, a priori, a nested study
of inflammatory mediators in patients agreeing to regular blood
sampling between enrolment (ICU discharge) and the primary
outcome assessment (3 months postrandomisation).?> As the
trial showed no effects on clinical outcomes, these data were
suited to a cohort study design using both clinical and inflamma-
tory mediator data as exposures, and the measures of physical
function at 3-month follow-up as outcomes. We hypothesised
that systemic inflammation is prevalent in ICU survivors follow-
ing ICU discharge, and that the presence of persisting systemic
inflammation is associated with poorer physical recovery. As an
additional mechanistic analysis, we explored whether HCMV
infection was associated with systemic inflammation and phys-
ical recovery.

METHODS

RECOVER was a randomised trial of increased hospital-based
physical rehabilitation and information provision for ICU survi-
vors. The protocol, description of the intervention and trial
results have been published.” * 23 Participants were recruited
from two ICUs in Edinburgh, Scotland from 1 December 2010,
through 31 January 2013. Inclusion criteria were: receipt of
>48 h of continuous mechanical ventilation and deemed fit for
ICU discharge. Exclusion criteria included a primary neuro-
logical diagnosis, receipt of palliative care, receipt of home ven-
tilation, considered unable to provide informed consent,
follow-up not feasible, discharge to a non-study hospital, aged
<18 years and enrolment in another randomised controlled trial
(RCT) with similar end points.

Both groups received existing ward-based physiotherapy, diet-
etics, occupational and speech/language therapy until hospital
discharge. The intervention patients received enhanced hospital-
based physical rehabilitation and information provision that
increased the frequency and intensity of multiple aspects of
rehabilitation between enrolment and hospital discharge.

RECOVER was approved by the Scotland A Research Ethics
Committee (10/MRE0018). Patients provided specific consent
for inclusion in the blood sampling substudy during consent for
the main study. The between-group comparison of outcomes in
the trial found no clinically or statistically significant differences
in measures of physical function, health-related quality of life
(HRQoL), psychological morbidity or self-reported symptoms.”

Sampling

Blood was sampled at the time of randomisation (ICU dis-
charge), and 3 months after ICU discharge by venepuncture or
from an arterial line if present. Blood was stored at room tem-
perature for 30 min and then centrifuged at 2500 g for 10 min.
Serum and plasma were stored at —70°C prior to assay.

Physical outcome

Physical assessments included the Rivermead Mobility Index
(RMI) (a validated measure of physical mobility ranging from 1
(unable to turn over in bed) to 15 (able to run)),”* handgrip
strength (HGS; a measure of forearm muscle strength in kg)),”
the timed up and go test (TUG; a measure of lower limb
strength and balance)*® and the physical component of the
Medical Outcomes Study Short Form 12 version 2 (PCS); a vali-
dated measure of HRQoL.*’

Biomarkers

To detect ongoing inflammation we measured C-reactive protein
(CRP) concentration. To further characterise inflammatory
phenotype, we measured cytokines active during the initiation
(interleukin 1B (IL-1B), IL-6), propagation (IL-8) and resolution
(transforming growth factor B1 (TGFB1) and secretory leucocyte
protease inhibitor (SLPI)) of inflammation. In addition, we mea-
sured human neutrophil elastase (HNE), a marker of ongoing
neutrophil degranulation or non-apoptotic neutrophil death, to
assess persisting neutrophil activation. The biomarkers measured
were prespecified in an analysis plan submitted to the trial statis-
tician (SL) prior to trial data being made available.

Inflammatory biomarkers were assayed by ELISA. All assays
were carried out in duplicate. Coefficients of variation (CVs)
were calculated for each duplicate pair. Where CVs were >15%
pipetting error was assumed, and assays were repeated.

Human cytomegalovirus

To establish prior exposure to HCMV, a quantitative indirect
antiglobulin  enzyme immunoassay (VIDAS CMV G,
bioMérieux, Lyon, France) was used. HCMV IgG antibody was
quantified in arbitrary units per millilitre (aU/mL). As per the
manufacturers instructions, patients with serum concentration
of >6aU/mL were considered to have positive serology (evi-
dence of previous exposure). In patients with evidence of previ-
ous exposure, quantitative HCMV PCR was carried out to
establish the presence of active lytic infection (detectable
HCMV DNA). The lower detection limit of this assay was
160 IU/mL.

Analysis
All analyses were carried out using IBM SPSS Statistics V.21.
p<0.05 was defined as statistically significant.

Prevalence of systemic inflammation

Inflammation prevalence was estimated with reference to CRP
measurements in healthy adults. The percentage of surviving
patients at each time point that had a serum CRP concentration
of >3 and 10 mg/L representing the 90th and 99th centiles,
respectively, was calculated.?®

Inflammatory profile

For patients with complete paired data, biomarker concentration
was reported at baseline and 3 months after ICU discharge. The
median change in biomarker concentration between the two
time points was calculated and assessed using Wilcoxon signed
rank tests. To place data in a clinical context, upper reference
limits for biomarkers were derived from published studies of
healthy cohorts, and proportions of patients exceeding these
limits calculated.

Relationship with physical recovery

The relationship between RMI and each of the inflammatory
biomarkers was tested using univariable linear regression. This
analysis was repeated for HGS, TUG and PCS.

To control for the effects of confounding, multivariable linear
models were constructed to account for relevant pre-existing
patient characteristics (age, gender and functional co-morbidity
(as measured by the functional co-morbidity index (FCI)), and
acute illness severity (APACHE 2 score and days of mechanical
ventilation during ICU stay). The FCI is a validated 18-point
measure capturing coexisting co-morbidity and concurrent
disease, which is strongly associated with self-reported physical
HRQoL.*’
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Due to violation of linear regression model assumptions (non-
normal distribution of predicted values of the outcome variable
around the regression line) RMI, which was negatively skewed,
required inverse natural log transformation (16-In(RMI)) prior
to regression analysis. Inflammatory biomarkers, ventilator days
and TUG were positively skewed and required natural log trans-
formation prior to regression analysis. For zero value biomarker
concentrations, 0.001 was added to allow transformation.

Role of cytomegalovirus in post-ICU inflammation and recovery

The percentage of patients with prior exposure to HCMV
(HCMV IgG positive) and the proportion of these with lytic
infection (detectable HCMV PCR) were reported at ICU dis-
charge and at 3 months. The concentration of each inflamma-
tory biomarker was compared between patients previously
exposed to HCMV and those not previously exposed. To
explore the potential for HCMV to affect physical function,
physical outcomes were compared between these groups using
an independent samples median test. In addition, to test
whether  HCMV seropositivity confounds the association
between inflammation (as measured by CRP and RMI) tested in
the previous section, we added HCMV seropositivity as an add-
itional variable in the multivariable linear regression model. Our
analysis plan aimed to assess the relationship between ongoing
lytic infection and measures of recovery, but the low number of
patients with lytic infection meant meaningful comparisons
could not made.

Missing data

The primary analysis was a complete case analysis. To ensure
that the results of this analysis were not subject to bias intro-
duced by assuming the missing patients were similar to those
included, a sensitivity analysis was carried out imputing data

according to two different assumptions (see online supplemen-
tary data).? 3!

RESULTS

Patients

Two hundred and forty patients were recruited to the
RECOVER study; of these, 193 (80%) consented to blood sam-
pling (figure 1). Baseline characteristics of the included patients
are shown in table 1.

Physical outcomes
The 3-month outcome data showing central tendency and dis-
persion are presented in table 2.

Prevalence of systemic inflammation

At ICU discharge, 141/184 (77% (95% CI 70% to 829%)) of
patients had a CRP concentration of >10 mg/L and 173/184
(94% (95% CI 90% to 97%)) had a CRP concentration of
>3 mg/L. Three months after ICU discharge, 34/123 (28%
(95% CI 21% to 36%)) of patients had a CRP concentration of
>10 mg/L and 72/123 (59% (95% CI 50% to 67%)) of patients
had a CRP concentration >3 mg/L. For complete cases (n=118)
CRP concentration fell from 27.9 mg/L (10.4-63.1) at baseline
to 4.4 mg/L (1.2-12.0) at 3 months with a median change of
—20.7 mg/L (95% CI -26.9 to —14.5; p<0.01). For this same
complete case cohort (n=118), figure 2 describes the inflamma-
tory outcome of patients with CRP concentrations that had high
(>10 mg/L), medium (3-10 mg/L) and low (<3 mg/L) CRP con-
centration at ICU discharge.

Inflammatory profile
At ICU discharge, HNE, IL-6, IL-8 and SLPI were elevated com-
pared with previously studied healthy populations (table 3).

RECOVER patients
(n=240)

Baseline samples
(n=184)

Blood study consent
(n=193)

No samples
(n=9)
Unavailable (1); sampling

(2); death (1); error (1);
unknown (4).

No follow-up

(n=18)

Death (10); unable to locate
(6); withdrawal (1); unknown
(1).

3 month samples
(n=123)

3 month follow up
(n =175)

No samples
(n=52)
Refusal (20); sampling

(13); telephone follow-up
only (17); other (2).

Figure 1 Study flow diagram.
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Table 1 Patient characteristics presented for all consenting patients (n=193), and for patients grouped according to CRP tertile at 3 months

after ICU discharge (n=123)

Lower tertile of CRP

Middle tertile of CRP

Upper tertile of CRP

All (n=193) (<2.1 mg/L) (n=41) (2.1-7.9 mg/L) (n=41) (>7.9 mg/L) (n=41)
Age (mean (SD)) 61 (14) 59 (13) 62 (11) 58 (15)
Male (n (%)) 117 (61) 24 (59) 27 (66) 24 (59)
Functional co-morbidity index (mean (SD)) 3(2) 3(2) 3(2) 3(2)
APACHE 2 (mean (SD)) 21 (7) 22 (7) 19 (8) 21 (6)
Days of mechanical ventilation (median (Q1, Q3)) 8 (5, 14) 8 (4, 16) 9 (5, 14) 9 (6, 15)
ICU length of stay (median (Q1, Q3)) 11 (7, 18) 10 (7, 18) 11 (7, 18) 12 (8, 19)
Vasopressors (n (%)) 141 (73) 28 (83) 31 (76) 31 (78)
Renal replacement therapy (n (%)) 52 (27) 10 (24) 10 (24) 12 (30)
Diagnosis category (n (%))
Respiratory 69 (34) 17 (41) 14 (34) 15 (37)
Cardiovascular 53 (27) 12 (29) 15 (37) 8 (20)
Neurological 6 (3) 1Q) 1Q) 1Q)
Renal 3(2) 1(2) 0 (0) 0(0)
Gastrointestinal 52 (27) 6 (15) 9 (22) 16 (39)
Trauma 5(3) 1(2) 2 (5) 1(2)
Miscellaneous 5() 3() 0(0) 0(0)

CRP, C-reactive protein; ICU, intensive care unit.

TGFB1 concentration was reduced. Median concentrations of
proinflammatory biomarkers (HNE, IL-6 and IL-8) decreased
significantly over the 3-month time horizon (with the exception
of IL-1B which was low at both time points). Many patients still
demonstrated elevated concentrations compared with the com-
parative healthy population values. For the proresolution bio-
markers, TGFB1 concentration further decreased at 3 months
compared with baseline with values at both time points lower
than healthy values. Most patients had suppressed levels of
TGFB1 at both time points. SLPI concentrations decreased over
the 3-month period, with most patients having higher values
than comparator populations at both time points. Overall, the
3-month pattern at population level was of ongoing inflamma-
tion (elevated CRE HNE and IL8) with evidence of reduced
proresolution signalling (reduced/suppressed TFGp1).

Relationship with physical recovery
In the univariable analysis, HNE and CRP were significantly
associated with RMI 3 months after ICU discharge (table 4),
with higher concentrations of these biomarkers being associated
with poorer mobility. This association persisted when tested in
multivariable linear regression models to adjust for potential
confounding factors (age, gender, FCI, APACHE 2 score and
days of mechanical ventilation), suggesting HNE and CRP were
independently associated with RMI 3 months after ICU
discharge.

IL-8 was significantly associated with HGS at 3 months on
univariate testing. After adjustment for confounding, higher

Table 2 Physical outcome at 3 months

Measure n

Rivermead mobility index (median (Q1, Q3)) 175 14.0 (12, 15)
Hand grip strength (kg) (mean (SD)) 153 21.9 (8.8)
Timed up and go (seconds) (median (Q1, Q3)) 147 10.2 (7.7, 13.3)
Physical component score of SF12v2 (mean (SD)) 161 35.1 (11.4)

concentrations of CRE IL-8 and SLPI were significantly asso-
ciated with lower HGS.

There was no significant association observed between inflam-
matory markers and TUG, or the PCS.

To add clinical context to this relationship we compared
HNE and CRP concentration in patients with good mobility
(upper three quartiles of RMI (RMI >11; n=144)) and poor
mobility (lower quartile of RMI (RMI <11; n=31)) at the
same time point. Patients with poor mobility had greater CRP
concentration (median 11.1 mg/L (IQR 4.1-21.8) versus
3.7 mg/L (IQR 0.9-9.7); median difference 7.3 mg/L (95% CI
2.0 to 10.8; p<0.01)) and HNE concentration (median
117.0 ng/mL (IQR 102.6-172.1) versus 103.2 ng/mL (IQR
85.7-135.8); median difference 13.8 ng/mL (95% CI -1.0 to
42.0; p=0.06)) when compared with patients with good
mobility (figure 3).

Inflammatory biomarkers at ICU discharge were significantly
correlated with biomarkers at 3 months (table 5). To test
whether inflammation at ICU discharge was an important con-
founder of the relationship between persistent inflammation
(CRP at 3 months) and recovery (RMI at 3 months), we added
CRP at ICU discharge to our earlier linear regression model
(table 6). We found no association between CRP at ICU dis-
charge and RMI at 3 months, and adding it as a covariate to the
model did not alter the relationship between CRP and RMI
when both were measured at 3 months.

Role of cytomegalovirus in post-ICU inflammation
At ICU discharge, 115/183 (63%) of patients were HCMV IgG
positive indicating previous exposure to HCMV (one patient
had insufficient sample to perform IgG analysis). Of the
IgG-positive patients, 13/114 of patients (11%) had evidence of
lytic infection (detectable HCMV DNA on plasma PCR assay)
(one patient had insufficient sample to perform the DNA PCR).
At 3-month follow-up, no patients had evidence of ongoing
lytic infection.

At ICU discharge, patients previously exposed to HCMV had
similar CRP concentrations, but greater concentrations of HNE
and a lower concentration of the proresolution mediator TGF1

Griffith DM, et al. Thorax 2016;71:820-829. doi:10.1136/thoraxjnl-2015-208114
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Figure 2 Inflammatory fate of
patients with low (<3 mg/L), medium
(3-10 mg/L) and high (>10 mg/L)
C-reactive protein (CRP) concentration.
For the 118 patients with complete
data at both time points, patients were
categorised at intensive care unit (ICU)
discharge, then again at 3 months.

22

ICU discharge

3 months after

ICU discharge
29
33

|

—_— 7
10
— ]
[ 1
5

suggesting a more proinflammatory phenotype associated with
previous HCMYV exposure (table 7). At 3 months, despite an
overall fall in inflammatory biomarkers, patients previously
exposed to HCMV still had significantly greater circulating HNE
and lower circulating TGFB1. Very small differences in physical
outcomes were noted according to previous HCMV exposure,
although this reached statistical significance for the TUG test,
which was slower in HCMV-positive patients (table 8).

As HCMV exposure increases with age,” we assessed the
potential confounding role of age (and other baseline variables)
in the association between HCMV and physical recovery.
Baseline characteristics according to HCMV IgG status are
shown in table 9. None of the baseline variables (including age)
differed significantly according to HCMV exposure group.

We assessed whether HCMYV seropositivity may be a confoun-
der in the relationship between inflammation (measured by
CRP) and RMI. We found no independent relationship between
HCMV seropositivity and RMI at 3 months. The addition of
HCMV seropositivity as a covariate also had no influence on
the strength of the relationship between In(CRP) and In
(16-RMI), which remained highly significant (B 0.15 (95% CI
0.06 to 0.24) p<0.01). These sensitivity analyses are presented
in the online supplementary data.

DISCUSSION

In a preplanned secondary analysis of patients enrolled in a ran-
domised controlled trial of a rehabilitation intervention, we
demonstrated a high prevalence of systemic inflammation in

Table 3 Inflammatory biomarker concentration at baseline and 3 months in patients who survived and had blood sampling at both time points
Heal_thy from_ Baseline 3 months Change from baseline to 3 months
previous studies

Proportion Proportion Hodges—Lehmann median

Biomarker N Mean (SD) Median (IQR) elevated (%) Median (IQR) elevated (%) difference (95% Cl) p Value

HNE (ng/mL) 112 771 (35.5)% 145.2 (112.8-199.5) 48 110.3 (88.3-142.5) 23 —36.9 (—49.3 to —23.6) <0.01

IL-1B (pg/mL) m 0.8 (0.1)* 0.0 (0.0-15.0) 39 0.0 (0.0-7.6) 30 0.0 (0.0 to 0.0) 0.73

IL-6 (pg/mL) 111 9 (12)* 25.2 (8.0-85.5) 45 6.7 (0.0-37.2) 26 ~16.5 (—28.4 to —8.1) <0.01

IL-8 (pg/mL) 11 32@25* 27.3 (12.2-63.0) 85 8.6 (1.2-33.3) 51 —14.4 (-20.0 to —9.8) <0.01

TGFR1 (ng/ml) 116  36.4 (8.23)*° 12.1 (8.5-16.04) 0 (91)* 10.1 (7.8-12.5) 0 (97)* -2.0 (-29t0 -1.2) <0.01

SLPI (ng/mL) 118 36.4 (2.3 59.3 (44.7-79.0) 78 47.4 (37.3-60.8) 64 —10.4 (-15.6 to —5.4) <0.01

Median difference and p values have been calculated to reflect change over 3 months. To add context, mean (SD) concentrations in previous studied healthy populations are quoted and
the proportion in our cohort with elevated biomarker concentration (>2 SD above mean in previously studied healthy cohort) are calculated.

*Starred values represent proportion with abnormally low TGF@1 concentration (>2SD below mean in previously studied healthy cohort).

HNE, human neutrophil elastase; SLPI, secretory leucocyte protease inhibitor; TGFB1, transforming growth factor B1; IL, interleukin.
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Table 4 Linear regression of individual biomarkers with physical outcome measures at 3 months after ICU discharge

Unadjusted Adjusted
95% Cl 95% Cl
Outcome Biomarker B Lower Upper p Value B Lower Upper p Value
RMI CRP 0.13 0.05 0.22 <0.01 0.14 0.06 0.23 <0.01
HNE 0.32 0.03 0.60 0.03 0.30 0.02 0.59 0.04
IL-1B —-0.01 —0.04 0.01 0.32 —-0.01 —-0.04 0.02 0.52
IL-6 0.00 —0.02 0.03 0.80 0.01 —0.02 0.04 0.59
IL-8 0.03 —0.01 0.06 0.13 0.03 0.00 0.07 0.06
TGFB1 0.05 -0.34 0.43 0.80 0.07 —-0.31 0.45 0.73
SLPI 0.15 -0.11 0.41 0.26 0.14 —-0.13 0.40 0.31
TUG CRP 0.64 —0.02 0.10 0.15 0.05 0.01 0.1 0.10
HNE 0.15 —0.04 0.33 0.13 0.14 —0.05 0.32 0.15
IL-1B 0.00 —0.02 0.62 0.82 0.01 —-0.01 0.02 0.58
IL-6 0.00 —0.02 0.02 0.85 0.01 —0.01 0.02 0.50
IL-8 0.01 —0.01 0.03 0.38 0.02 0.00 0.04 0.12
TGFpB1 -0.17 —0.42 0.07 0.16 -0.16 —-0.39 0.08 0.19
SLPI 0.08 —0.09 0.25 0.34 0.05 -0.12 0.21 0.58
HGS CRP —0.51 —1.57 0.55 0.35 —0.95 —1.85 —0.06 0.04
HNE -3.20 —6.58 0.18 0.06 —2.60 —-5.43 —-0.22 0.07
IL-1B 0.03 —0.29 0.35 0.87 0.01 —0.27 0.28 0.97
IL-6 —0.05 0.38 0.28 0.76 -0.12 —0.40 0.15 0.38
IL-8 —0.51 —0.90 -0.13 0.01 —0.41 —0.75 —0.08 0.02
TGFB1 -1.37 -5.81 3.08 0.54 -1.76 —5.55 2.04 0.36
SLPI —2.90 —5.90 0.09 0.06 -2.72 —5.33 —0.11 0.04
PCS CRP 0.24 -1.12 1.60 0.72 0.27 —1.08 1.62 0.69
HNE —-0.62 -5.08 3.85 0.79 —0.64 -5.09 3.82 0.78
IL-1B 0.08 —0.33 0.49 0.71 —0.01 —0.43 0.40 0.95
IL-6 0.14 —0.28 0.56 0.51 0.09 -0.33 0.51 0.66
IL-8 —0.20 -0.72 0.31 0.43 —0.40 —0.92 0.12 0.13
TGFB1 0.21 —0.55 5.96 0.94 —0.01 —5.69 5.72 1.00
SLPI —1.68 —5.58 2.22 0.40 —1.61 —5.58 2.36 0.42

All biomarkers were natural log transformed prior to analysis. RMI was inverse natural log transformed (In(16-RMI)). Timed up and go (TUG) was natural log transformed. Analysis was
performed unadjusted then adjusted for potential confounders (age, gender, FCI, APACHE 2 score and days of mechanical ventilation). Ventilator days were natural log transformed.
Analyses conducted on the cohort of 123 patients who had blood sampling at 3 months. A complete case analysis approach was employed.

CRP, C-reactive protein; FCl, functional co-morbidity index; HGS, handgrip strength; HNE, human neutrophil elastase; ICU, intensive care unit; RMI, Rivermead Mobility Index; SLPI,

secretory leucocyte protease inhibitor; TGFB1, transforming growth factor B1; IL, interleukin.

ICU survivors at ICU discharge and 3 months follow-up. We
observed a significant relationship between inflammation and
physical recovery that persisted after adjusting for measures of
pre-existing co-morbidity and acute illness severity. Patients had
evidence of persisting proinflammatory and impaired proresolu-
tion signalling during the study period. In an exploratory ana-
lysis, we found a more pronounced proinflammatory phenotype
in patients previously exposed to HCMYV both at ICU discharge
and 3 months follow-up. This supports the hypothesis that this
might mediate, in part, the association between persisting
inflammation and functional recovery.

Our study had a number of strengths. First, the rates of enrol-
ment and follow-up were high, reducing the risk of attrition
bias. We also undertook sensitivity analyses in which missing
data were imputed to allow us to ensure potential bias from
missing data was assessed. Second, we adjusted for likely con-
founders. The most important was the use of the FCI to adjust
for pre-illness physical function (an important determinant of
physical recovery after acute illness®®). The FCI is a measure of
important co-morbidities, which correlates strongly with phys-
ical quality of life scores.>® This may not have completely con-
trolled for pre-illness physical function, but is more objective
and valid than patient recall of physical abilities. Most previous
studies of post-ICU recovery have made no adjustment for pre-
illness health status. We did not adjust for case mix in our ana-
lysis primarily because the study was not powered to allow it,
but reassuringly observed very little variation in case mix across
CRP tertiles. Finally, the measured biomarkers were predefined

to reflect initiation, propagation and resolution of the acute
inflammatory response to provide a balanced picture of the
inflammatory profile.

Our study had limitations. First, our assertion that inflamma-
tory markers were elevated in ICU survivors was based on com-
parison with previously published data in other populations;
these were limited by performance of the assays and the popula-
tions studied. Second, our analysis relied on the physical func-
tion metrics used in RECOVER, limiting the discriminant ability
for studying the pathophysiological processes affecting muscle
recovery. Third, our patients were ventilated for >48 h so our
findings may not be generalisable to all ICU cohorts. Fourth, we
did not adjust our formal analysis for multiple comparisons as it
was considered explorative and hypothesis-generating. This may
have led to type 1 error. Despite this, for our main end point
(adjusted association between CRP and RMI), the p value of
0.001 would remain significant when measured against a
Bonferroni-adjusted p value threshold of 0.002. Finally, we
could not definitely attribute causality between inflammation
and physical recovery because we were unable to establish tem-
porality due to the complex nature of the inflammatory
response and the trial design.

Inflammatory persistence in ICU survivors is of potential clin-
ical relevance. We have shown that it is highly prevalent, affect-
ing 50%-67% of survivors 3 months following ICU discharge.
This finding is in keeping with a previous study in 24 anaemic
ICU survivors who showed elevation of CRP up to 13 weeks
after ICU discharge.*” The aetiology of this inflammatory signal
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Figure 3 Box and whisker plots showing C-reactive protein (CRP) and
human neutrophil elastase (HNE) concentration in patients with good
mobility and poor mobility. Whiskers represent 10th and 90th centiles.

is unclear. Persistence of the acute inflammatory response is one
mechanism, but other potential explanations such as pre-existing
inflammation (with return to baseline), intercurrent infection
(eg, subclinical) or an undiagnosed focus of inflammation (eg,
within lung or muscle) are also plausible. A high proportion of
patients (28%) were readmitted to hospital between ICU dis-
charge and 3 months follow-up in the RECOVER trial. Detailed
data concerning the reasons for readmission are not available,

Table 5 Linear relationship between natural log transformed
inflammatory biomarkers at baseline (ICU discharge) and follow-up

95% CI
Biomarker N B Lower Upper p Value
CRP 118 0.37 0.14 0.61 <0.01
HNE 112 0.23 0.08 0.38 <0.01
IL-1B 111 0.76 0.65 0.89 <0.01
IL-6 m 0.74 0.54 0.93 <0.01
IL-8 m 1.03 0.78 11.29 <0.01
TGFp1 116 0.33 0.20 0.45 <0.01
SLPI 118 0.68 0.52 0.83 <0.01

CRP, C-reactive protein; HNE, human neutrophil elastase; ICU, intensive care unit;
SLPI, secretory leucocyte protease inhibitor; TGFB1, transforming growth factor B1; IL,
interleukin.

Table 6 Sensitivity analysis showing effect of adjusting for CRP at
baseline

95% Cl
Covariates B Lower Upper p Value
Original analysis Ventilator days* 0.05 -0.13 0.23 0.58
Age 0.00 -0.01 0.01 0.71
Gender 011 -0.16 037 0.43
APACHE 2 0.01 -0.01 0.03 0.49
FClI 0.10 0.03 0.16 <0.01
CRP (3 months)* 0.14 0.06 0.23 <0.01
Sensitivity analysis ~ Ventilator days* 0.08 -0.11 027 0.42
adjusting for Age 0.00 -0.01 0.01 1.00
baseline CRP Gender 0.08 -0.19 036 0.56
APACHE 2 0.01 -0.02 0.02 0.63
FCl 0.11 0.04 0.17 <0.01
CRP (3 months)* 0.14 0.05 0.23 <0.01

CRP* (ICU discharge) 0.04 —0.09 0.16 0.59

Outcome variable was In(16-RMI).

*Ventilator days and CRP were natural log transformed. Analyses conducted on the
cohort of 123 patients who had blood sampling at 3 months. A complete case
analysis approach was employed.

CRP, C-reactive protein; FCl, functional co-morbidity index; ICU, intensive care unit;
RMI, Rivermead Mobility Index.

and blood for inflammatory profiles was not collected during
readmissions. It is possible that the condition requiring readmis-
sion resulted in worsening inflammation, which might explain
some of our findings. Equally, a persisting inflammatory state
may have limited recovery resulting in further hospitalisation.
Further research is required to investigate this issue. Of the
patients who had blood samples at 3 months, 11/123 (9%) were
hospital inpatients at the time. These patients had elevated CRP
concentrations (median 15.8 (IQR 11.5-36.0) mg/L versus 3.8
(IQR 1.0-9.4)).

Inflammation at hospital discharge has been associated with
higher longer term mortality following acute illness in previous
studies,*! but ours is the first to explore the association with
physical recovery following critical illness. Persisting physical
disability was related to inflammatory response 3 months after
ICU discharge but not ICU discharge, suggesting that chronic
persistent inflammation is more important than acute inflamma-
tion. This may explain why IL-6 and IL-1B8, which are early
pro-inflammatory mediators, were not associated with late phys-
ical function, whereas others (CRB IL-8, HNE and SLPI) were
associated. Another potentially important consideration is that
measurement of circulating soluble inflammatory biomarkers
may not adequately characterise the host inflammatory response.
For example, immune cell functions (eg, neutrophil apoptosis)
and inflammatory processes localised to specific sites (eg, skel-
etal muscle or lung) may not be adequately described. Although
our data should be interpreted with caution, they support the
hypothesis that a persisting proinflammatory phenotype might
mediate poorer physical recovery.

Inflammation is important in acute muscle loss in ICU
patients® and is associated with muscle function in chronic
inflammatory disease.”'* Inflammatory cytokines have an estab-
lished role in regulating muscle mass; tumour necrosis factor o,
IL-6 and endotoxin cause muscle wasting** due to increased
protein catabolism,*’ inhibition of protein synthesis,** inhibition
of muscle cell differentiation® and reduced amino acid
uptake.*® It is possible that these processes ‘block’ clinical
responses to physical rehabilitation in the early post-ICU period,
which might explain the negative results of intervention trials in
the early post-ICU period, including the RECOVER trial. Future
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Table 7 Biomarker concentration according to HCMV exposure group

Previous HCMV exposure

No previous HCMV exposure

Hodges—Lehmann median

Median (IQR) Median (IQR) difference (95% Cl) p Value

CRP (mg/L)

Baseline 25.4 (10.9-62.3) 27.9 (11.7-56.8) —0.5(-8.2 t0 8.2) 0.83

3 months 5.4 (1.7-12.9) 2.8 (0.81-8.3) 1.5 (0.1 to 3.9) 0.06
HNE (ng/mL)

Baseline 175.2 (133.4-233.7) 135.0 (108.7-211.6) 35.8 (14.0 to 58.7) <0.01

3 months 118.1 (95.6-158.2) 91.3 (76.2-120.4) 35.8 (13.4 to 41.3) <0.01
IL-1B (pg/mL)

Baseline 0.0 (0.0-16.5) 0.0 (0.0-7.1) 0.0 (0.0 to 0.0) 0.14

3 months 0.0 (0.0-16.0) 0.0 (0.0-2.5) 0.0 (0.0 to 0.0) 0.62
IL-6 (pg/mL)

Baseline 31.1 (8.5-97.6) 16.4 (6.5-63.5) 8.1 (0.0 to 20.8) 0.24

3 months 7.1 (0.1-51.2) 1.5 (0.0-14.3) 8.1 (0.0 to 20.8) 0.32
IL-8 (pg/mL)

Baseline 35.8 (14.7-74.0) 24.4 (11.2-40.2) 7.5 (-0.6 to 17.2) 0.07

3 months 9.3 (1.9-41.0) 4.8 (0.3-11.9) 3.4 (0.0 to 9.5) 0.16
TGFB1 (ng/mL)

Baseline 10.7 (7.8-15.3) 14.3 (10.2-17.8) —2.4 (—4.1 to =2.4) 0.03

3 months 9.2 (7.5-11.8) 11.4 (9.8-13.2) —1.7 (2.9 to —0.4) 0.01
SLPI (ng/mL)

Baseline 56.5 (41.4-79.7) 60.5 (48.2-73.2) -2.9(-9.7t0 4.3) 0.26

3 months 46.6 (37.3-63.4) 47.9 (37.5-59.0) —0.4 (7.6 to 7.0) 0.79

115 exposed, 68 unexposed. 3 months: 76 exposed, 41 unexposed. Note Hodges—Lehmann median differences have been used which are based on the Hodges—Lehmann estimate of
the sample median and not the true median, which explains the discrepancy between the true median difference and the Hodges—Lehmann median difference estimate quoted.
CRP, C-reactive protein; HNE, human neutrophil elastase; HCMV, human cytomegalovirus; SLPI, secretory leucocyte protease inhibitor; TGFB1, transforming growth factor 1.

rehabilitation research should consider including measures of
inflammation during recovery in order to understand its import-
ance as an effect modifier, and potentially to inform the
optimum timing of interventions. In addition, metrics such as
muscle volume and muscle biopsy may provide greater insight
into the pathophysiological relationship between inflammation
and neuromuscular recovery in future studies.* *’

Our finding of a proinflammatory phenotype in patients
previously exposed to HCMV was unexpected. The original
analysis was planned to explore the importance of active (lytic)
infection but the small number of patients that this affected
precluded this. Lytic infection is associated with activation of
the innate immune system and previous studies have shown
that this can last beyond the acute infection and into latency.?!

Table 8 Comparison of physical outcomes in ICU survivors at
3 months in patients with/without previous HCMV exposure

Previous HCMV  No previous

It has been reported that up to 40% of patients reactivate
HCMV during critical illness'® so our previously exposed
patients may have experienced reactivation at an early stage
that was undetectable at our chosen measurement point. It is
impossible to discriminate between the relative importance of
latent and lytic infection in this study, but our data raise the
possibility that HCMV is potentially important in post-ICU
inflammation and recovery. Further research in this area is
justified, because the clinical effects of HCMV activation are
potentially modifiable by antiviral treatment. Two ongoing
RCTs (the GRAIL study: NCT01335932 and the CCC study:
NCT010503918) may provide more information, but neither
will report functional outcome, or longer term inflammatory
resolution.

Table 9 Baseline characteristics according to HCMV exposure

Previous HCMV No previous

exposure HCMV exposure
(n=115) (n=68) p Value exposure HCMV exposure
(n=115) (n=68)
Rivermead Mobility Index 13 (11, 14) 14 (12, 15) 0.09
(median (Q1, Q3)) Age (mean (SD)) 61 (14) 61 (13)
Hand grip strength (kg) 21 (9) 23 (9) 0.29 Male (n (%)) 69 (63) 43 (60)
(mean (SD)) Functional co-morbidity index 3(2) 3(2)
Timed up and go (¢) (median 11 (8, 14) 10 (7, 12) 0.03 (mean (SD))
(Q1, Q3)) APACHE 2 (mean (SD)) 21 (7) 21 (8)
Physical component score of 35 (11) 35 (12) 0.85 Days of mechanical ventilation 8 (5 13) 7 (4, 16)
SF12v2 (mean (SD)) (median (Q1, Q3))
Rivermead Mobility Index data available for 106 exposed and 60 unexposed patients. ICU length of stay (median (Q1, Q3)) 11(6,18) 116, 20)
Hand grip strength data available for 93 exposed and 52 unexposed patients. Timed Vasopressors (n (%)) 83 (73) 49 (72)
up and go data available for 88_exposed and 51 unexposed patients. Physic_al Renal replacement therapy (n (%)) 34 (30) 15 (22)
component score of SF12v2 available for 95 exposed and 57 unexposed patients.
HCMV, human cytomegalovirus; ICU, intensive care unit. HCMV, human cytomegalovirus; ICU, intensive care unit.
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We observed a mean 1 s increase in the time taken to perform
TUG in individuals who were HCMYV seropositive. While this
difference is small, it is a potentially important finding in terms
of hypothesis generation, particularly as the RECOVER study
found no difference between intervention groups in relation to
this measure. Despite this the study was never powered to
detect such a difference, and the finding should be interpreted
with caution.

In conclusion, we have shown that a systemic proinflamma-
tory state persists for at least 3 months in many patients reco-
vering from critical illness, and is characterised by persisting
proinflammatory signals and reduced proresolution signals.
Persisting systemic inflammation is associated with poorer
physical recovery. Although patients do not demonstrate evi-
dence of ongoing lytic HCMV infection, those with evidence
of previous HCMYV infection appear to demonstrate a more
persisting proinflammatory state that lasts beyond the ICU dis-
charge and is present in some patients 3 months later. Further
research is warranted to explore the importance of persisting
inflammation as a mediator of recovery following critical
illness.
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