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Abstract

Purpose: Supporting the provision of intensive care medicine through telehealth potentially improves process qual-
ity. This may improve patient recovery and long-term outcomes. We investigated the effectiveness of a multifaceted
telemedical programme on the adherence to German quality indicators (Qls) in a regional network of intensive care
units (ICUs) in Germany.

Methods: We conducted an investigator-initiated, large-scale, open-label, stepped-wedge cluster randomised con-
trolled trial enrolling adult ICU patients with an expected ICU stay of > 24 h. Twelve ICU clusters in Berlin and Branden-
burg were randomly assigned to three sequence groups to transition from control (standard care) to the intervention
condition (telemedicine). The quality improvement intervention consisted of daily telemedical rounds guided by
eight German acute ICU care Qls and expert consultations. Co-primary effectiveness outcomes were patient-specific
daily adherence (fulfilled yes/no) to Qls, assessed by a central end point adjudication committee. Analyses used
mixed-effects logistic modelling adjusted for time. This study is completed and registered with ClinicalTrials.gov
(NCT03671447).

Results: Between September 4, 2018, and March 31, 2020, 1463 patients (414 treated on control, 1049 on interven-
tion condition) were enrolled at ten clusters, resulting in 14,783 evaluated days. Two randomised clusters recruited

no patients (one withdrew informed consent; one dropped out). The intervention, as implemented, significantly
increased QI performance for “sedation, analgesia and delirium” (adjusted odds ratio (99.375% confidence interval [Cl])
5.328, 3.395-8.358), “ventilation” (OR 2.248, 1.198-4.217), "weaning from ventilation” (OR 9.049, 2.707-30.247), "infection )
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effectiveness

management” (OR 4.397, 1.482-13.037), "enteral nutrition” (OR 1.579, 1.032-2.416), “patient and family communication”
(OR6.787,3.976-11.589), and "early mobilisation" (OR 3.161, 2.160-4.624). No evidence for a difference in adherence
to “daily multi-professional and interdisciplinary clinical visits” between both conditions was found (OR 1.606, 0.780-
3.309). Temporal trends related and unrelated to the intervention were detected. 149 patients died during their index
ICU stay (45 treated on control, 104 on intervention condition).

Conclusion: A telemedical quality improvement program increased adherence to seven evidence-based German
performance indicators in acute ICU care. These results need further confirmation in a broader setting of regional,
non-academic community hospitals and other healthcare systems.

Keywords: Telemedicine, Critical care, Critical illness, Quality of care, Quality improvement, Guideline adherence,
Healthcare quality indicators, Implementation, Stepped wedged cluster randomised controlled trial, Comparative

Introduction

In Germany, the number of patients admitted to inten-
sive care units (ICU) increased from 2.15 million in
2015 to 2.52 million in 2019 [1]. Roughly one-third of
these patients were treated in hospitals with fewer than
400 beds [1]. Having access to large academic hospi-
tals with full-time intensivist staffing is associated with
increased adherence to evidence-based intensive care
and improved outcomes [2—4]. It is currently unclear,
however, if telemedicine can improve adherence to com-
prehensive evidence-based practice.

Though several studies from the United States (US)
have shown that telemedical treatment support might
reduce ICU and hospital mortality and length of stay
(LOS) [5-7], two studies (one single-centre and one mul-
ticentre trial) revealed that telemedicine improved adher-
ence to best-practice measures like deep vein thrombosis
prevention and infectious disease management [8, 9].

In 2010, the German Interdisciplinary Society of Inten-
sive Care Medicine (DIVI) established quality indicators
(QIs) to promote adherence to evidence-based principles
[10-12]. The third edition, published in 2017, identified
ten indicators that include key elements of intensive care
medicine: (1) daily multi-professional and interdiscipli-
nary clinical ward rounds with documentation of daily
goals, (2) management of sedation, analgesia and delir-
ium, (3) patient-adapted ventilation, (4) early weaning
from invasive ventilation, (5) monitoring of infection pre-
vention measures, (6) infection management measures,
(7) early enteral nutrition, (8) documentation of struc-
tured patient and family communications, (9) early mobi-
lisation, and (10) ICU leadership. All except QIs 5 and 10
refer to process quality elements and can be implemented
at the individual patient level [10].

Studies report poor implementation of QI-based key
performance parameters [13, 14]. To the best of our
knowledge, no randomised controlled trials have specifi-
cally investigated the effectiveness of telemedicine on a

Take-home message

A telemedical quality improvement programme increased adher-
ence to seven evidence-based German performance indicators
in the acute ICU care. These results need further confirmation in a
broader setting of regional, non-academic community hospitals and
other healthcare systems.

comprehensive evidence-based medicine bundle like QI-
implementation. To address these knowledge gaps, the
Enhanced Recovery after Intensive Care (ERIC) study
was initiated to establish and evaluate whether telemedi-
cine support can be used as a vehicle to increase adher-
ence to evidence-based medicine compared to standard
of care, and thus improve intensive care medicine quality.

Methods

Study design, setting and participants

ERIC was an investigator-initiated, multicentre, superi-
ority stepped-wedge cluster randomised controlled trial
(SW-CRT) with three sequence groups (waves) and a
continuous-recruitment short-exposure design investi-
gating the effectiveness of a structured, telemedical qual-
ity improvement intervention at ICU on the adherence to
evidence-based QIs.

This pragmatic trial was conducted at adult ICUs of
academic, non-academic and community hospitals in
the metropolitan area of Berlin, Germany, with approx-
imately six million inhabitants and 150,000 ICU admis-
sions annually [1]. Due to the unidirectional crossover
in a stepped-wedge design, all trial sites commenced
treating patients on control condition (standard of
care). Sites were randomly selected to transition to the
experimental intervention sequentially at three differ-
ent protocol-defined time points scheduled for 3, 6 and
9 months after trial commencement, until all clusters
have received the intervention.



The decision to use a stepped-wedge design was sup-
ported by the following aspects: the intervention was
considered potentially beneficial for all sites; practical
interest to implement the technical infrastructure of
the intervention and related training tools, mimicking
a natural (non-experimental) implementation process;
statistical interest regarding a potentially more effective
control for intra-cluster correlation which might enable
a statistical power greater than that of a conventional
cluster trial with the same number of patients; explo-
ration of underlying temporal trends; and utility of
obtaining balance in characteristics of sequence groups
after randomisation, especially in the case of a small
number of sequences (steps).

Eligible hospitals were located in the metropoli-
tan area of Berlin and the surrounding federal state of
Brandenburg, provided adult intensive care medicine,
adhered to the legal obligations, and complied with
cluster randomisation and the staggered schedule. Par-
ticipating hospitals were selected according to their
letter-of-intent written during the project application
and based on their anticipated recruitment and techni-
cal prerequisites (e.g. wireless network) to implement
the secure, privacy-compliant infrastructure for the tel-
emedical intervention.

Patients were eligible if they were admitted to a par-
ticipating ICU, were aged > 18, had an expected ICU
LOS>24 h, and were covered by a German statutory
health insurance policy. Written informed consent was
obtained by the patient or a legal representative. In case
of readmission to a participating ICU, eligible patients
could be enrolled multiple times. Screening and enrol-
ment of eligible patients were continuously performed
by local ICU staff. The study took place within the
framework of statutory health insurance in Germany.

The study was approved by the ethics committee of
Charité (EA1/006/18) and Brandenburg Medical School
(Z-01-20180828). This article adheres to the Consoli-
dated Standards of Reporting Trials (CONSORT) state-
ment extended for stepped-wedge cluster randomised
trials [15] and related guidelines [16]. Details of the
study protocol with intervention details have been pub-
lished elsewhere [17]. The study was prospectively reg-
istered with ClinicalTrials.gov (NCT03671447).

Randomisation and masking

A total of 16 ICUs were organised to geographical clus-
ters on an institutional level. One cluster (randomisation
unit) consisted of one to three ICUs. There was no struc-
tural exchange of ICU staff between clusters, minimising
the risk of intervention contamination. A cluster design
rather than individual randomisation was chosen to facil-
itate a change in management at a hospital level rather

than at an individual patient level, thus allowing the com-
parative effectiveness of the intervention to be evaluated
pragmatically. Before trial commencement, all 12 clusters
were randomly allocated to one of three sequence groups
of four units to switch from the control to the interven-
tion according to a staggered timetable. The randomisa-
tion list defining the order of the treatment switch was
generated by the independent trial statistician using a
computer-generated algorithm (nQuery Advisor V.7,
block size=3, without stratification by prespecified
characteristics).

Due to a 3-month training period before the sequen-
tial switch to the intervention period, ICU staff were not
masked to the allocated sequence group and were noti-
fied prior to the study start about their crossover date.
Since study personnel and patients knew when they
were and were not engaged in the telemedical interven-
tion, blinding was not possible. General practitioners and
investigators collecting data during post-ICU follow-up
visits may have been aware of the treatment condition on
the patient-level.

Procedures

Patients treated on intervention condition received a
tailored telemedical intervention in addition to stand-
ard of care. In brief, the complex intervention, i.e.,
the ERIC programme, targeting healthcare provid-
ers as well as patients, encompassed two key compo-
nents. (1) Daily, QI-guided, structured ward rounds
for study patients were conducted using a telemedi-
cal cart (Appendix, Fig. S1). These telemedical ward
rounds were carried out by a specialist and an ICU
nurse from the hub (i.e. tele-ICU) at Charité, together
with the treating physician (consultant and/or physi-
cian in training) and bedside nurse of the respective
unit (i.e. local-ICU). Specialists in the tele-ICU were
senior, board-certified consultants in intensive care
at the site of the tele-ICU (Appendix, p. 2). A secure,
bedside connection for audio-visual, face-to-face com-
munication between the tele-ICU and the local-ICU
was established. The tele-ICU specialists were able to
inspect the patient and monitoring devices (e.g., ven-
tilator settings, monitors and infusion pumps), and
microphone and speakers allowed for direct dialogue
between both parties. Each ward round being sched-
uled for 20 min was guided by the predefined QIs,
which were then discussed between staff at the tele-
ICU and local-ICU. The tele-ICU consultant also gave
non-QI-related medical advice if required. Treatment
decisions were ultimately taken by the local-ICU staff.
In case of disagreement, the tele-ICU consultants did
not have autonomy to make treatment decisions them-
selves. After rounding, tele-ICU consultants assessed



the criteria for QI adherence based on patient-specific
parameters obtained from documentation of rou-
tine data at the local-ICU. (2) Expert teleconsulta-
tions: the tele-ICU offered a 24/7 service staffed with
ICU consultants to respond to urgent medical issues.
On request, the tele-ICU consultant established an
audio-visual connection to the respective local-ICU.
To address intervention fidelity, connection success
rates were continuously monitored by the provider of
the telemedical carts, and tele-ICU staff ensured that
study patients received daily telemedical ward rounds.

The implementation of telemedicine at the cluster
level started 3 months before the planned switch to the
intervention with setup of the required hardware infra-
structure at the respective ICUs. During this 3-month
transition period at the end of the control period of
the respective site, clinical experts received a blended-
learning training programme (ten e-learning modules,
followed by four simulator-based workshops on the
QIs and on-the-job training) to ensure that teams at
the local-ICUs were familiar with the telemedical cart
and the QIs. One physician (any qualification level)
and one ICU nurse (any qualification level) per local-
ICU were invited to participate in the training. It was
at the discretion of the local-ICU to send the same
person or different people to each simulator-based
workshop.

The control condition was standard of care accord-
ing to local standards of the hospital site without tele-
medical support, and was also delivered throughout the
3-month training period. In both phases (control, inter-
vention), local study personnel routinely documented
QI-related key performance parameters on the patient’s
medical record.

Patients received two follow-up examinations sched-
uled 3 and 6 months after their index (i.e., first study-
related) ICU discharge to assess post-ICU impairment
including quality of life and functional outcomes [17].
These outcome data based on self-administered patient
questionnaires and tests were recorded by the patient’s
general practitioner and/or trained study personnel at
Charité, during home visits, via mail, or via telephone,
depending on in-person visiting restrictions due to the
coronavirus disease 2019 (COVID-19) pandemic.

Outcomes

The eight co-primary outcomes were binary compos-
ite measures defined based on patient-individual raw
parameter measurements related to eight performance
indicators with predetermined definitions (Appendix,
p. 8) [10]. For each of these QIs, the adherence (fulfilled
yes/no) was assessed daily (within a 24-h time frame) on
a patient level starting from the date of enrolment (ICU

admission; or the following day) until ICU discharge (or
the previous day). Seven tele-ICU consultants affiliated
to the coordinating investigator at Charité participated
in a central endpoint adjudication and retrospectively
rated the adherence to a single QI for patient i on day ¢
(denoted as QI day) using the local-ICU’s documentation
of routinely collected clinical data. Although the inde-
pendent raters were aware of the respective treatment
condition, assessing QI adherence to derive primary out-
comes can be considered objective and reliably reproduc-
ible. This process was applied irrespective of whether the
patient was treated on control or on intervention condi-
tion (Appendix, p. 2).

Secondary outcomes were assessed during the patient’s
ICU stay and at two post-ICU follow-up visits. Key sec-
ondary outcomes included all-cause mortality up to
180 days after index ICU discharge (validated with data
from the municipal personal records database) and
study-related ICU LOS (per ICU stay, in days). Remain-
ing secondary endpoints including health—economic out-
comes will be analysed separately and made available in
subsequent papers.

Statistical analysis

A fixed sample size calculation was performed, consid-
ering eight co-primary outcomes. Applying a Bonfer-
roni correction for multiple testing yields a one-sided
type 1 error of alpha/8=0.625% for confirmatory test-
ing of a single QI. Assuming a minimum clinically rel-
evant absolute difference in QI adherence of 10% (for all
QIs), a two-group x* test has a power of 82% to detect
the difference between a proportion of 60% on control
and 70% on intervention (odds ratio, OR 1.556) with a
sample size of 530 independent patients on each treat-
ment condition (nQuery Advisor V.7.0). To deal with
the correlation between individuals from the same
cluster, we further prespecified at the design stage a
variance inflation factor of 1.35, and a patient-level
intra-cluster correlation coefficient (ICC) of 0.117 (esti-
mated from preliminary data on QI 2 for a small num-
ber of patients from site Charité only; independency of
time assumed) which measures the correlation between
observations within the same cluster [17]. This yields
a total target sample size of 1431 patients required for
the CRT design (neglecting stepped-wedge design-spe-
cific methodological issues). This pragmatic sample size
calculation which was performed during the planning
phase in 2015 neither accounted for a transition period
between standard of care and intervention, nor for vari-
able cluster sizes. Several changes in prespecified design
features throughout the course of the trial may have
rendered the initial sample size estimates invalid.



The eight co-primary effectiveness outcomes were
analysed by logistic mixed-effects models with random
intercepts for cluster and patient, and fixed effects for
intervention (assuming level change), cluster-specific lin-
ear ‘exposure time’ (in months; > 0 at(after) start of inter-
vention, < 0 otherwise), and the interaction between both
(assuming time-dependent slope change). To account
for deviations from the staggered randomisation sched-
ule, an ‘as-implemented’ analysis was conducted defining
intervention periods according to the actual start of the
first local telemedical-based QI visit. The cluster-specific
3-month training period was analysed as part of the con-
trol period, and data contributed to the primary endpoint
analysis. All patients with at least one QI assessment
were included in the full analysis set (FAS). Few patients
who were enrolled under control condition shortly before
the crossover date and received the intervention after
the crossover were analysed as control patients. Missing
values were handled under the assumption of missing at
random, and no imputation methods were applied (num-
ber of QI visits negligibly small) [18—20].

Sensitivity analyses for each QI were performed based
on five additional mixed-model specifications by chang-
ing the variance structure and/or adjusting for two dif-
ferent time effects to address robustness of results. Thus,
a covariate for sequence group (together with group-by-
treatment effect interactions) was incorporated as fixed
effect to account for underlying secular trends (i.e., clus-
ters classified according to their allocated step, defin-
ing ‘early’ [first; coded as — 1], ‘'middle’ [second; chosen
as reference group 0], or ’late’ [third group; coded as 1]
adopter sites to adjust for (categorical) 'time period of
implementation’), or patient- or centre-specific random
intercepts omitted (Appendix, p. 13).

For each QI, adjusted ORs for the QI adherence on
intervention compared to standard of care are reported
expressing relative effects of primary interest. Besides,
the endpoint-specific cluster-level ICCs were calcu-
lated [21]. The results of the co-primary endpoints
were considered statistically significant if the two-sided
p<0.00625 (eight relative effects for level change at the
crossover time defined as primary estimates of interest;
remaining time-related estimates tested hierarchically).

The secondary endpoint all-cause mortality within
180 days post-enrolment was analysed using a Cox
regression model with frailty term for cluster, adjusting
for baseline Simplified Acute Physiology Score (SAPS)
II and Sequential Organ Failure Assessment (SOFA)
Score (SAPS II and SOFA measurements at the first QI
day were defined as pseudo-baseline values in the case
of missing documentation at the day of ICU admission,
assuming first observation carried backward). Results
were reported as hazard ratios (HRs). The ICU LOS in

days was compared between the two conditions by using
a negative binomial mixed model with cluster-specific
random intercepts. Because of the potential for type I
error due to multiple comparisons, the findings of anal-
yses of secondary endpoints should be interpreted as
exploratory. 99.375% CI were reported for primary out-
comes, 95% Cls otherwise.

The study database was stored on REDCap (Research
Electronic Data Capture; version 10.6.16 Vanderbilt Uni-
versity, Nashville, Tennessee, USA) hosted at Charité.
Statistical analyses were carried out using R (version
4.0.4), mixed-effects regression analyses were performed
using the Ime4 (version 1.1-25) package.

Results

Participating units and patients

Of the 12 clusters randomised, one (allocated to third
sequence group) withdrew consent before the global
trial start, and one (allocated to the first sequence group)
dropped out after the training period without recruiting
any patients, from which no data were collected (Fig. 1).
All 14 ICUs at 12 hospitals enrolling patients received
the intervention, but not all opened simultaneously
with recruitment. Further basic characteristics of the
randomisation units together with crossover times and
sequence groups are provided in the Appendix (Table S2,
Fig. S2). There was considerable variation in the hospi-
tals’ involvement and adherence to the randomisation
schedule.

Given underrecruitment, the planned recruitment
period was extended from 12 to 19 months, while post-
poning the prespecified third crossover date by 3 months
(extension of the rollout period) to further enhance the
number of patients treated on control condition, and
lengthening the post-rollout period.

During the 19-month recruitment period between
September 4, 2018, and March 31, 2020, 1463 patients
comprising 1554 ICU stays (433 control, 1120 interven-
tion) were enrolled into the trial. Of these, one patient
discharged from ICU at the next day was excluded from
the FAS population since no QI evaluation was per-
formed, and no post-enrolment data documented. The
final numbers for analysis thus included 414 participants
randomised to control and 1048 to intervention accord-
ing to their first ICU admission. A single ICU stay was
documented for 1386 (94.8%) patients, and up to six ICU
readmissions were documented for 76 patients during
the trial (66 patients had 2, 7 had 3, 2 had 4, and 1 patient
had 6 ICU stays over time [one single cluster, each time
on the control condition]). Overall, a total number of
14,783 QI days were evaluated (Appendix, Figs. S3—4).
The median number of ICU stays across clusters was 100



Enroliment
(Clusters)

12 Geographical clusters
assessed for eligibility

1 Clusters withdrew informed consent

Allocation

12 Geographical clusters included\
in randomization sequence /

prior to trial commencement
1 Clusters dropput after training period

Y

Y

(no recruitment at all)

Y

Enroliment

. 10 Clusters received and implemented
(Patients)

the control condition
(414 Patients screened for inclusion)

10 Clusters received and implemented
the intervention condition
(1049 Patients screened for inclusion)

Y

1 Patient excluded
(no Ql visit, no treatment)

Y

10 Clusters in the control condition
as randomized
414 Patients included in primary analysis
(median [IQR] of 29 [15-60] per cluster)
(391 of these 1 ICU stay)

ICU Phase

10 Clusters in the intervention condition
as randomized
1048 Patients included in primary analysis
(median [IQR] of 79 [34-136] per cluster)
(995 of these 1 ICU stay)

112 Patients died at ICU (overall)*
9 died on intervention during subsequent

(*1 of these enrolled on control)

Subsequent
ICU stays
46 Patients died at ICU (overall)*
N 45 during index ICU stay N
*1 enrolled on control, died on intervention ICU stays (2nd to 4th)
condition during 2nd ICU stay
Post-ICU
Follow-up Y Y

10 Clusters analyzed
249 Post-ICU survivors included in
exploratory secondary analyses
(both FU assessments considered)

ICU survivors:
56 died until day 150 after index ICU
discharge
17 died between day 151 and day 240
after index ICU discharge

10 Clusters analyzed
673 Post-ICU survivors included in
exploratory secondary analyses
(both FU assessments considered)

ICU survivors:
147 died until day 150 after index ICU
discharge
38 died between day 151 and day 240
after index ICU discharge

sive care unit, IQRinterquartile range, Q/quality indicator

Fig. 1 Flow diagram for clusters and patients in the ERIC trial. Post-ICU mortality was determined with reference to the discharge date of the first
(index) ICU stay. *One patient was enrolled on control and died during a subsequent ICU stay on the intervention condition. FUfollow-up, ICUinten-

(IQR 73-230). The median number of QI days per patient
was 5 (IQR 2-11) (Table S3).

Patient-level characteristics at the time of first ICU
admission are displayed in Table 1. There were no major
differences between both cohorts with respect to demo-
graphic characteristics and primary admission diagnosis.
However, the severity of illness at baseline was lower for
patients treated on standard of care vs on intervention
[median SOFA at the first QI day: 4 (IQR 1-7) vs. 6 (3-9);
median SAPS II at the first QI day: 28 (IQR 16-42.25)
vs. 35 (22-48)]. On control condition, patients were
more frequently admitted due to medical reasons (50.2%
vs.42.8%) and admitted from emergency medical services
(32% vs. 24.8%) and wards (19.8% vs. 15.5%), but fewer
postoperative admissions (38% vs. 44.8%) were observed
compared to during the intervention period.

Primary outcomes

For 97.4% (1512/1553) of ICU stays, QI adherence data
were assessed daily throughout the patient’s ICU stay,
indicating a high level of completeness regarding pri-
mary outcome data. In the confirmatory model-based
principal analysis, the intervention, as implemented,
significantly increased the odds for adherence on seven
of eight QIs (Table 2). For QI 1 (daily multi-professional
and interdisciplinary clinical visits), no evidence of a
difference in adherence between both treatment condi-
tions was found in the principal model (adjusted rela-
tive difference of OR 1.606, 99.375% CI 0.780-3.309;
p=0.073). However, we observed a positive effect of
the exposure time on QI adherence (i.e., the cluster-
specific time since the beginning of the intervention)
for QI 1 (OR 1.394, 1.228-1.582), which declines after



Table 1 Population characteristics of the intention-to-treat (ITT) population according to date of first ICU admission

Age (years), mean (SD)
Gender, n (%)
Female
Male
Admission status, n (%)
Medical
Emergency surgery
Elective surgery
Missing
Admission source, n (%)
Emergency medical services
Surgical
Normal ward
Other ICU
External
ICU primary admission diagnosis, n (%)
Respiratory
Sepsis/infection
Gastrointestinal
Cardiovascular
Trauma
Neurologic
Metabolic or endocrine
Oncologic
Othert
SOFA score (at first QI day)
Mean (SD)
Median (IQR)
SAPS Il score (at first QI day)
Mean (SD)
Median (IQR)
Missing, n (%)

68.74 (14.41)

186 (44.9%)
228 (55.1%)

67.25(14.88)

477 (45.5%)
571 (54.5%)

208 (50.2%) 449 (42.8%)
105 (25.4%) 319 (30.4%)
93 (22.5%) 259 (24.7%)
8 (1.9%) 21 (2%)

41 (32%) 276 (24.8%)
167 (38%) 499 (44.8%)
87 (19.8%) 173 (15.5%)
20 (4.5%) 86 (7.7%)
25 (5.7%) 79 (7.1%)
49 (11.7%) 02 (9.8%)
65 (15.5%) 167 (16%)
47 (11.2%) 104 (10%)
101 (24%) 281 (27%)

42 (10%) 92 (8.8%)

33 (7.9%) 107 (10.3%)
20 (4.8%) 36 (3.5%)
55 (13.1%) 140 (13.4%)
8 (1.9%) 13 (1.2%)
432(39) 6.14 (3.88)
4(1-7) 6.00 (3-9)
30.58 (18.61) 36.17 (18.9)
28 (16.00-42.25) 35(22-48)
2(<0.01%) 10 (0.01%)

In the case of multiple enrolment, the first (index) ICU stay is displayed. 11 patients were enrolled on control condition during their index ICU stay, and on intervention

at one or more subsequent ICU stays

ICUintensive care unit, IQRinterquartile range, SAPS I/ Simplified Acute Physiology Score Il, SD standard deviation, SOFA Sequential Organ Failure Assessment Score

T Other includes removal of osteosynthesis plate, urolithiasis, medication-induced osteonecrosis of the jaw bone, pregabalin intoxication, acute kidney injury,

catatonic schizophrenia, autoimmune haemolytic anaemia, and ureteral stenosis

the start of the telemedical care by 20.9% per month
(OR 0.791, 0.69-0.908). Results were not robust across
all supportive analyses taking into account the time
adopting the intervention (assuming categorical tem-
poral effects) and differing variance components. How-
ever, sensitivity analysis with both sequence group and
exposure time (Appendix, sensitivity analysis model
SM.4) supported the findings of the principal model,
i.e., the lack of an intervention effect and a significant

temporal effect which was considerably diminished
after switch to the intervention.

A beneficial intervention effect on the guideline
adherence was revealed for ICU performance indi-
cators QI 2 (OR 5.328, 3.395-8.358), QI 3 (OR 2.248,
1.198-4.217), QI 4 (OR 9.049, 2.707-30.247), QI 6 (OR
4.397, 1.482-13.037), QI 7 (OR 1.579, 1.032-2.416),
QI 8 (OR 6.787, 3.976-11.589), and QI 9 (OR 3.161,
2.160-4.624).
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Furthermore, we found a negative temporal trend
attenuating the adherence to QI 4 (OR 0.833, 0.681—
1.017), to QI 8 (OR 0.815, 0.737-0.901), and to QI 9 (OR
0.834, 0.769-0.904) in the course of time after start of
the intervention. For QI 9, however, the negative effect
of exposure time was partially compensated, as indicated
by the positive interaction between exposure time and
treatment (OR 1.106, 1.015-1.205). Quantitative results
of the confirmatory analyses for each QI and cluster are
displayed in Fig. 2 illustrating statistically significant level
changes in adherence for all QIs except QI 1 with start
of the intervention, and positive (QI 1) or negative (QI
4, 8, and 9) confounding temporal effects suggesting the
intervention effect was not consistent over time. Addi-
tionally, the figure reveals an already high QI adherence
during the control phase for all indicators except QI 2,
and a substantial heterogeneity between clusters. The
ICC for most of the QIs (except QI 4 and QI 6) was far
higher than expected in the planning stage showing a
high degree of similarity among patients from the same
cluster which reduces overall power and resulting preci-
sion (Appendix, p. 21-24).

Secondary outcomes

Table 3 provides details of mechanical ventilation during
patients’ index ICU stay. Patients treated on intervention
condition were more frequently mechanically ventilated
than patients treated on control condition [74.3% (779
patients) vs. 60.6% (251 patients)]. The median dura-
tion of mechanical ventilation was, however, similar
among patients on intervention and control (79 (IQR
20-251) hours vs 71 (IQR 16—204) hours).

With respect to the patients’ discharge position after
their index ICU stay, more patients were referred to
another ICU after being treated on intervention com-
pared to standard of care [20.2% (212 patients) vs.
11.3% (47 patients)]. 1313 patients were discharged alive
from the index ICU stay, and 258 patients died within
240 days after index ICU discharge (73 patients treated
on control, 185 on intervention). 922 survivors received
at least one follow-up. 814 patients received the first fol-
low-up (median 93 (IQR 81-117) days after discharge),
and 786 patients received a second follow-up visit
(median 199 (IQR 181-238) days after discharge). Last
post-ICU follow-up assessment took place on November
17, 2020.

Altogether, 385 deaths were reported up to day 180
post-enrolment, 107/414 patients (25.85%) treated on
control, and 278/1048 patients (26.53%) on interven-
tion condition. A Cox proportional hazards model with
frailty term for cluster and adjusting for baseline SAPS
II and SOFA score revealed no significant beneficial
effect of the telemedical intervention on overall 180-day

mortality compared with standard of care (HR 0.847,
95% CI 0.668-1.073; p=0.170), see Appendix (Fig. S5)
for estimated cumulative incidence of death. There was
no statistically significant difference in the intervention
vs control condition regarding median (IQR) ICU LOS (6
[4-13] days vs 5 [3—11] days; unadjusted ratio 1.079, 95%
CI10.967-1.204; p=0.173).

Discussion
The ERIC trial demonstrated the comparative effective-
ness of a telemedical programme in a network of 12
clusters of ICUs in the area of Berlin and Brandenburg.
The odds for adherence to seven of eight QlIs was sig-
nificantly increased for patients receiving the interven-
tion vs. standard of care (although below the predefined
minimum clinically important absolute difference of 10%
[intervention minus control]). The daily intervention as
implemented was most effective on the domains for seda-
tion, analgesia and delirium (QI 2), early weaning from
invasive ventilation (QI 4), and documentation of patient
and family communication (QI 8). Only for QI 1 (daily
multi-professional and interdisciplinary clinical visits),
no significant difference in adherence between telemed-
icine-based care and standard of care was found.
Previous studies have primarily explored short-term
mortality and hospitalisation time as primary outcome.
In two systematic reviews with meta-analyses, tele-ICU
programmes were associated with a reduction in mor-
tality (ICU and hospital) and ICU LOS [5, 6], but only
one meta-analysis revealed a statistically significant and
clinically relevant lower hospital LOS [5]. Another sys-
tematic review, however, revealed a reduction in ICU
mortality and LOS, but no beneficial effect regarding
in-hospital mortality and LOS [22]. These contradictory
findings may be explained by the observational design
of these studies and differing confounders in the before-
after designs [5]. There were notable differences regard-
ing various characteristics in the studies with respect
to used technology and hospitals. Most importantly,
tele-ICU intensivist autonomy and ICU practice prior
to tele-ICU implementation is a study-specific feature
that should be considered [6]. Only one study that was
included in the abovementioned reviews on tele-ICU
programmes investigated the effectiveness of telemedical
care on adherence to evidence-based practice [8]. Using
a before-versus-after design, they found that patients
undergoing telemedicine were more likely to receive
best-practice therapy for the prevention of deep vein
thrombosis, stress ulcers, ventilator-associated pneu-
monia, and cardiovascular protection. In another study,
pharmacological, telemedical consultations during night
hours revealed significantly more guideline-conformed
daily sedation interruptions [23]. A German multicentre
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Table 3 Mechanical ventilation and ICU discharge posi-
tion of patient’s index (first) ICU stay in the ITT population,
stratified by treatment condition (control vs. intervention)

Received mechanical 251 (60.63) 779 (74.33) 1030 (70.45)

ventilation, n (%)

Duration of mechanical ventilation of mechanically ventilated patients
(hours)

Median (IQR) 71 (16-204) 79 (20-251) 77 (19-236)

Mean (SD) 196.17 (343.75) 212.02 (320.18) 208.16 (325.98)
ICU discharge disposition, n (%)

Hospital ward 295 (71.26) 654 (62.4) 949 (64.91)

Home 4(0.97) 8(0.76) 12(0.82)

Other ICU* 47 (11.35) 212 (20.23) 259 (17.72)

Rehabilitation 19 (4.59) 55 (5.25) 74 (5.06)

facility

Nursing facility 2(0.48) 3(0.29) 5(0.34)

Missing" 2(0.48) 12(1.15) 14 (0.96)
Death at ICU 45 (10.87) 104 (9.92) 149 (10.19)

Study-related ICU readmissions not considered in this table (i.e., only the first
study-related ICU stay counted)

*76 patients with study-related subsequent ICU stays at participating sites

* Item related to discharge position not documented

SW-CRT recently revealed that tele-ICU support signifi-
cantly improved sepsis management guideline compli-
ance, but sepsis-related mortality (subgroup of 276 sepsis
patients) was not significantly reduced [9]. It remains to
be seen if increased QI adherence translates into better
patient outcomes—the current evidence appears insuf-
ficient and conflicting. For example, one study showed
that increasing guideline adherence to more than 70% is
necessary for quantitative outcome effects to be observed
in infectious disease management [24], but data also sug-
gest that improvements from a very high baseline adher-
ence (>90%) result in better patient outcomes. We also
observed an attenuation of adherence to three QIs over
time that is comparable to educational programmes and
might indicate a demand to repeat the blended learning
or the on-the-job training [25].

The strengths of this study include its innovative
stepped-wedge design which allows for rigorous evalu-
ation of a large-scale intervention implemented in dif-
ferent types of hospitals, ranging from large academic
centres to small community hospitals. The heterogeneous
study population consisted of adults with, e.g., cardiovas-
cular, sepsis/infectious, oncological, or trauma primary
admission diagnoses, supporting the real-world prag-
matic trial character. Hence, our study patients reflect the
multidisciplinary nature of intensive care medicine and
can be generalised, as the sample is representative for the
German ICU population.

We investigated the feasibility of this telemedical imple-
mentation in a defined local network of ICUs. Upon the
end of recruitment (last patient first visit on March 31,
2020), the network was scaled up for the management of
the COVID-19 pandemic, and international programmes
adopted the telemedical approach, which is indicative for
a high acceptance within the critical care community.

This pragmatic superiority trial has several limita-
tions. First, there may have been selection bias as clus-
ter-level participation was on a voluntary basis. We
might have recruited a population of clusters already
showing a high motivation before the study to improve
their quality of care. Clinical sites already showed a high
level of performance during the control period prior to
the implementation of the intervention (Fig. 2), which
was above the average baseline level of adherence docu-
mented in the literature and expected during the plan-
ning phase [13, 14, 26—30]. Second, 44.6% (652/1462) of
patients were enrolled at two highly recruiting academic
clusters affiliated to the sponsor of the trial providing
the tele-ICU. Thus, trial findings may not be fully appli-
cable to Germany’s hospital landscape. Third, clusters’
trial participation and the consequent focus on the QIs
may have already resulted in better QI adherence, irre-
spective of the treatment condition. This so-called Haw-
thorne effect observed in previous quality improvement
studies may have been aggravated by the training of QI
experts for each cluster already during the control phase
[31]. These experts may have put more attention on the
QIs in the study centres, even before transitioning to the
intervention phase. Hence, we may have overestimated
QI adherence on standard of care. Forth, the sample size
calculation performed in 2015 was rather pragmatic due
to difficulties obtaining reliable values for the correla-
tion structure at the design stage. However, the resulting
99.375% confidence intervals for estimators for interven-
tion effects regarding all 8 QIs indicate a high level of pre-
cision based on the actual design features. Therefore, we
believe to have made rather conservative assumptions.
Fifth, the trial was not powered with respect to secondary
endpoints (e.g. survival) which limits the interpretation
of these endpoints. We evaluated the immediate effect of
the telemedical intervention on the QI adherence and the
sustained effect on the 6-month all-cause mortality. The
trial did not analyse if the effect regarding QIs translates
into a survival benefit. This so-called surrogacy between
QI adherence and survival was not the focus of our trial
[32, 33]. Even if higher QI adherence were associated
with better survival, its surrogacy in the context of the
telemedical intervention is still not evident. If QI adher-
ence only has a short-term effect on survival but no effect
on the 6-month or 12-month survival rates, a general
survival benefit may not be seen by a standard survival



analysis. Sixth, patients enrolled on intervention showed
a significantly higher severity of illness (according to
baseline SAPS II and SOFA scores). Participating cen-
tres may have selected patients in the intervention phase
who they considered to benefit most from the telemedi-
cal intervention. This identification and recruitment bias
may have diluted a beneficial effect in survival between
patients treated on intervention vs. control condition.

In conclusion, a structured, bundled telemedical inter-
vention implemented in a diverse local network of hospi-
tals in Germany improved the quality of care compared
to standard of care. Although the primary efficacy end-
points were met, further research is needed to evaluate
the generalizability outside the German healthcare sec-
tor and in a broader setting of regional, non-academic
community hospitals. It is also important to explore
long-term intervention sustainability. Therefore, future
controlled trials in Germany should be designed to inves-
tigate the effectiveness of virtual care networks on long-
term survival and early and late post-ICU functional
impairments in a well-defined ICU population.
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