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SUMMARY
Background: The project entitled Surveillance of Antibiotic Use and Resistance 
in Intensive Care Units (SARI) was initiated in Germany in 2000. In this article, 
we describe developments in antibiotic use and resistance rates in the partici-
pating intensive care units over the years 2001–2015.

Methods: The intensive care units supplied monthly figures on patient days, 
antibiotic use (in defined daily doses, DDD), and resistance data for 13 
 pathogens. The density of antibiotic use per 1000 patient days was calculated 
on the basis of antibiotic use, DDD, and patient days, and the resistance density 
per 1000 patient days was calculated from the number of resistant pathogens. 

Results: In the years 2001–2015, data on 2 920 068 patient days were collected 
in 77 intensive care units. The average overall antibiotic use rose by 19% over 
this period, with a marked increase in the density of carbapenem use (from 76 
to 250 DDD per 1000 patient days, +230%) and piperacillin-tazobactam use 
(from 42 to 146 DDD per 1000 patient days, +247%). The proportion of 
 Escherichia coli and Klebsiella pneumoniae isolates that were resistant to 
third-generation cephalosporins increased markedly initially, then remained 
stable over the remainder of the observation period. The proportion of 
 methicillin-resistant Staphylococcus aureus was stable over the entire period. 
The rates of vancomycin resistance among Enterococcus faecium isolates and 
imipenem resistance among gram-negative pathogens increased from 2.3% to 
13.3% and from 0.1% to 0.3%, respectively. 

Conclusion: The resistance density of gram-negative multiresistant pathogens 
in the participating intensive care units increased markedly. The rise in 
 imipenem-resistant pathogens arouses particular concern. The increased use 
of broad-spectrum/reserve antibiotics may well have contributed to this 
 development. Efforts to use antibiotics rationally, e.g., with the support of multi-
disciplinary “antibiotic stewardship” teams, are therefore vitally important. As 
participation in SARI is voluntary, these surveillance data cannot be considered 
representative of Germany as a whole.
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W orldwide, the consumption of antibiotics has in-
creased substantially in the past decades (1). In-

creased use of antibiotics promotes—in addition to other 
factors (2)—the selection and spread of antibiotic-resistant 
or multiresistant pathogens, with the result that the treat-
ment of infections caused by these pathogens becomes 
more difficult (3). The problem is concentrated in inten-
sive care units (ICUs) (4), where often multimorbid pa-
tients generally present with a higher risk for nosocomial 
infections (5) and infections with multiresistant pathogens 
can lead to additional complications, prolonged hospital 
stays, and higher healthcare costs (6–9).

In February 2000 the project for the surveillance of 
antibiotic use and resistance in intensive care units (SARI) 
in Germany was initiated for the purpose of benchmarking 
(10, 11). After a one-year pilot phase, SARI has continu-
ously captured antibiotic use densities and resistance data 
for selected pathogens on ICUs in Germany.

This article aims to describe the development of 
antibiotic resistance and changes in resistance rates in 
the past 15 years in this cohort of ICUs in Germany.

Methods
Participation in SARI is voluntary. The methods are ex-
plained in greater detail in the eMethods section and 
have already been described elsewhere (10–12) 
(http://sari.eu-burden.info/down/protokoll.pdf). In 
sum, participating ICUs report on a monthly basis the 
number of patient days, use (in g) of all orally or paren-
terally administered antibiotics, and resistance rates of 
the following pathogens:

● Staphylococcus (S.) aureus
● Streptococcus pneumoniae
● Coagulase-negative staphylococci (CNS)
● Enterococcus faecalis
● Enterococcus faecium
● Escherichia (E.) coli
● Klebsiella (K.) pneumoniae
● Enterobacter cloacae
● Serratia marcescens
● Citrobacter spp.
● Pseudomonas aeruginosa
● Stenotrophomonas maltophilia
● Acinetobacter (A.) baumannii. 
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Resistance testing can be performed according to 
German industry standard (DIN) 58940, the CLSI 
(Clinical & Laboratory Standards Institute), or 
 EUCAST (European Committee on Antimicrobial 
 Susceptibility Testing). Copy strains—that is, isolates 
detected within 30 days from a patient with an identical 
antibiogram—were not included in the analysis. The 
frequency of taking specimens from patients is the 
 prerogative of the clinician in the respective ICU; tests 
performed exclusively for the purpose of screening 
were not considered. We did not collect data on the 
total number specimens sampled, the location of the 
specimen sampling, nor on whether an infection or 
 colonization was present or whether the pathogen was 
acquired in an outpatient or inpatient setting.

From the antibiotics use, the defined daily doses 
(DDD), and the patient days, the antibiotic use density 
was calculated as follows: (antibiotic use in g/DDD in 
g) × 1000 patient days. The resistance rate of a 

 pathogen is calculated from the number of resistant 
 isolates of a species against a specific antibiotic, 
 divided by the number of all pathogens tested against 
this antibiotic × 100. The antibiotic resistance density 
results from the number of resistant pathogens/1000 
 patient days.

Statistical analysis
Pooled mean values, medians, and interquartile ranges 
(25th and 75th percentile) of antibiotic use density, resis-
tance rates, and antibiotic resistance density were cal-
culated from the reported data for the period 
2001–2015. Since not all ICUs participated in SARI for 
the entire duration of the study, a sensitivity analysis 
was used to calculate the antibiotic use density, resis-
tance rates, and resistance density for only those ICUs 
that had reported data continuously from 2001 to 2015 
(core cohort). At the time points 2001 and 2015, the re-
sults of the core cohort were compared with those of 

TABLE 1

Antibiotic use density (defined daily doses/1000 patient days) for selected antibiotics in intensive care units (N = 77) in 
2001 versus 2015

* Wilcoxon test 
ATC: anatomic-therapeutic-chemical classification system; DDD: defined daily dose; PD: patient days; excl: excluding; BLI: β-lactamase inhibitor; extended spectrum 
penicillins:  ampicillin, amoxicillin, mezlocillin, piperacillin; β-lactamase resistant penicillins: flucloxacillin, oxacillin; penicillins with BLI: amoxicillin-clavulanic acid, 
 ampicillin/sulbactam, piperacillin-tazobactam; 3rd generation cephalosporins: cefotaxime, ceftazidim, ceftriaxone, cefixime; carbapenems: imipenem, meropenem, 
 ertapenem;  glycopeptides: vancomycin, teicoplanin; fluoroquinolones: ciprofloxacin, ofloxacin, levofloxacin, moxifloxacin, norfloxacin; macrolides: erythromycin, 
 roxithromycin, clarithromycin, azithromycin; aminoglycosides: gentamicin, streptomycin, tobramycin, neomycin, amikacin, netilmicin; imidazoles: metronidazole

ATC code

J01

J01CA

J01CR

J01DD

J01DH

J01XA

J01MA

J01FA

J01G

J01XD

J01XX

J01XX

J01XX

J01AA12

J01XX09

Antibiotic/group

All excl sulbactam

Extended-spectrum 
penicillins

Combination of 
penicillins with BLI

 –  Piperacillin/ 
Tazobactam

3rd generation  
cephalosporins

 – Ceftazidime

Carbapenems

 – Imipenem
 – Meropenem

Glycopeptides

Fluoroquinolones

Macrolides

Aminoglycosides

Imidazole derivatives

Other antibiotics

 – Fosfomycin

 – Linezolid

 – Tigecyclin

 – Daptomycin

2001
DDD/1000 PD

1180

   74

  206

   42

  106

   30

   76

   47
   29

   38

  151

   77

   86

   70

    8

    4

    0

    0

    0

2015
DDD/1000 PD

1407

   36

  262

  146

   91

   24

  250

   37
  211

   57

  157

  104

   22

   42

   85

   13

   38

   15

   18

Change
2001–2015 (%)

  19

 –52

  28

 247

 –14

 –20

 230

 –23
 638

  48

   4

  36

 –75

 –40

 928

 204

–

–

–

P value*

 0.028

 0.007

 0.015

<0.001

 0.069

 0.076

<0.001

 0.015
<0.001

 0.537

 0.440

 0.036

<0.001

 0.001

<0.001

 0.041

<0.001

<0.001

<0.001
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the total cohort, in order to identify possible differences 
in trends in antibiotic use and resistance rates. We used 
the Wilcoxon test to calculate for both cohorts on the 
basis of the inpatient ward whether the use of anti-
biotics and the resistance rates of the analyzed pa-
thogens changed between 2001 and 2015. We used SAS 
9.4 (SAS Institute, Cary, NC, USA) to evaluate the data.

Results
In 2001–2015 data were collected in 44 hospitals in 13 
federal states on 77 ICUs with a total of 2 920 068 pa-
tient days (eTable 1). The median size of the hospitals 
was 572 (interquartile range 411–1008) beds, and the 
median size of the ICUs was 12 (10–16) beds. 45% of 
ICUs were managed in an interdisciplinary way, 25% 
specalized in internal medicine, and 30% were surgical.

Antibiotic use
The total consumption of antibiotics over the study 
period increased by 19%, from 1180 DDD/1000 patient 
days to 1407 DDD/1000 patient days in 2015 (Figure 1, 
Table 1). The antibiotic use density, however, varied 
between ICUs: for example, the median in 2015 was 
1330 DDD/1000 patient days and the interquartile 
range 1145–1605 DDD/1000 patient days. The five 
groups of antibiotics used most often in 2015 were 
penicillins with β-lactamase inhibitors (262 DDD/1000 

patient days), carbapenems (250 DDD/1000 patient 
days), fluoroquinolones (157 DDD/1000 patient days), 
macrolides (104 DDD/1000 patient days), and third-
generation cephalosporins (91 DDD/1000 patient 
days), which accounted for 61% of the total use.

Among the classes of antibiotics, the use of carba-
penems increased most, from 76 DDD/1000 patient 
days in 2001 to 250 DDD/1000 patient days in 2015 
+230%) (Table 1 and eTable 2). This increase is mainly 
accounted for by the use of meropenem (+638%). In-
creases were also noted in the use of penicillins with 
β-lactamase inhibitors (+28%), glycopeptides (+48%), 
macrolides (+36%), and other antibiotics (+928%). The 
notable increase in the use of other antibiotics is mainly 
due to linezolid, tigecycline, and daptomycin—sub-
stances that were not, or had only just become, 
 available in 2001. In the group of penicillins with β-
 lactamase inhibitors, the greatest increase was seen for 
piperacillin/tazobactam (+247%). Over the observation 
period, the use of first and second generation cephalo -
sporins decreased (−29%), as did that of aminoglyco-
sides (−75%) and imidazoles (−40%) (Figure 1, Table 
1, and eTable 2).

Antibiotic resistance
In the period from 2001 through 2015, a total of 
263 639 isolates were tested (138 686 gram-positive 

FIGURE 1Trends in anti -
biotic use density 

(defined daily  
 doses/1000 

 patient days) in 
intensive care 
units (N = 77)  

in Germany from 
2001 to 2015.  

DDD, defined daily 
dose (www. whocc.
no/atc_ddd_index); 

gen: generation
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and 124 953 gram-negative), which corresponds to a 
copy-strain adjusted isolation rate of  90 isolates per 
1000 patient days for the 13 pathogens. From 2001 
through 2010, almost 60% of laboratories used the DIN 
58940 and 40% the CSLI standard  (eTable 3) every 
year. From 2010 onwards, the first laboratories 
switched to the EUCAST standard. In 2013, 40% used 
DIN 58940, 39% used the CLSI standard, and 21% the 
EUCAST standard.

Since 2001 the number of isolates increased by 
22%, with the greatest increase observed in E. coli 
(+87%), Enterococcus species (+65%), and 
K. pneumoniae (+63%), whereas the greatest de-
crease was observed among A. baumannii isolates  
(–72%). The decrease in A. baumannii isolates 
was constant over the entire study period, but 
this effect may have been affected by additional 
species differentiation that was introduced by some 
laboratories from 2012 onwards (see  eMeth ods 
 section).

The most commonly identified gram-positive path -
ogens were S. aureus (n = 54 320), Enterococcus 
 faecalis (n = 26 578), and Enterococcus faecium 
(n = 17 813); the most common gram-negative path -
ogens were E. coli (n = 44 809), Pseudomonas aerugi-
nosa (n = 27 216), and K. pneumoniae (n = 17 529). 
Trends in selected resistance patterns for four gram-
positive and five gram-negative pathogens are shown in 
Table 2 and eTable 4. 

Gram-positive pathogens
According to SARI, the proportion of methicillin-
 resistant S. aureus (MRSA) has stabilized in recent 
years (eTable 4). However, in 2015, almost 23% of all 
S. aureus strains were still resistant to oxacillin (Table 
2). Of note is the increase in vancomycin-resistant E. 
faecium (VRE) isolates. In 2001, only individual VRE-
isolates were confirmed, whereas in 2015 more than 
75% of all ICUs participating in SARI were affected; 
the resistance rate was 13.3%, which translates into a 
resistance density of 1.1 VRE/1000 patient days (Table 
2 and  eTable 4, Figure 2). A new observation among 
this  pathogen was an increase in linezolid-resistant 
 isolates, to 1.6% (n = 28/1776 isolates) in 2015 
 (eTable 4).

Gram-negative pathogens
Between 2001 and 2011, the proportion of E. coli and 
K. pneumoniae isolates with resistance to third-
 generation cephalosporins increased notably (eFigure). 
Since then the resistance rate has stabilized, and in 
2015 it was 16.3% and 15.7%, respectively (Table 2). 
Resistance rates to ciprofloxacin in these two path -
ogens increased over the entire study period from 8.3% 
to 26% (E. coli) and from 5.1% to 15.9% (K. pneu-
moniae) (eTable 4). In recent years, the proportion of 
imipenem-resistant K. pneumoniae isolates has also 
risen. At the start of the study period, such isolates were 
seen only in individual cases. In 2015, by contrast, they 

TABLE 2

Development of selected resistance rates (pooled means in %) and resistance densities (per 1000 patient days) in 
 intensive care units (N = 77) in 2001 versus 2015

* Wilcoxon test
Cefotax./ceftr./cefta.: cefotaxime/ceftriaxone/ceftazidime

Resistance rates

Staphylococcus aureus (oxacillin)

Enterococcus faecium (vancomycin)

Klebsiella pneumoniae 
(cefotax./ceftr./cefta.)

Klebsiella pneumoniae (imipenem)

Acinetobacter baumannii (imipenem)

Escherichia coli (cefotax./ceftr./cefta.)

Escherichia coli (imipenem)

Resistance density (per 1000 patient days)

Staphylococcus aureus (oxacillin)

Enterococcus faecium (vancomycin)

Klebsiella pneumoniae 
(cefotax./ceftr./cefta.)

Acinetobacter baumannii (imipenem)

Escherichia coli (cefotax./ceftr./cefta.)

Escherichia coli (imipenem)

2001
Pooled mean

26.0

 2.3

 4.5

 0.4

 1.1

 1.3

 0.1

 4.2

 0.1

 0.2

 0.0

 0.2

 0.0

2015 
Pooled mean

22.7

13.3

15.7

 1.6

42.8

16.3

 0.3

 3.5

 1.1

 1.4

 0.3

 3.7

 0.1

Change
2001 to 2015 (%)

  –13

  470

  247

  269

3620

1113

  292

  –16

1416

  451

  917

2270

  711

P value*

 0.255

<0.001

<0.001

 0.005

<0.001

<0.001

 0.196

 0.985

<0.001

<0.001

<0.001

<0.001

 0.170
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were confirmed in more than 25% of all participating 
ICUs. The resistance rate was 1.6% (eFigure, Table 2).

The increase in A. baumannii isolates with resistance 
to imipenem was particularly pronounced. The resis-
tance rate has more than doubled over recent years and 
was 43% in 2015 (eFigure, Table 2).

Resistance density
Even though the resistance density is considered a 
measure for the actual resistance burden, the resistance 
density for MRSA was stable from 2001 to 2015, 
whereas it notably increased in VRE (from 0.1/1000 
patient days to 1.1/1000 patient days) and imipenem-
resistant A. baumannii (from 0.03/1000 patient days to 
0.3/1000 patient days) (Table 2, Figure 3). Since 2001 
the resistance density of multiresistant gram-negative 
pathogens has altogether increased substantially and 
accounted for 54% of the resistance burden in the ICUs 
participating in SARI by 2015. 

Discussion
 Since the start of the SARI project more than 15 years 
ago, the use of antibiotics in intensive care units 
 participating in SARI has risen by 19%. This rise is 
mainly due to the increased use since 2009 of piperacil-
lin/tazobactam, carbapenems, and glycopeptides. 
Studies from France, Norway, and Switzerland 

 similarly observed an increase in antibiotic use in inten-
sive care units, especially of reserve antibiotics or 
broad-spectrum antibiotics (13–15). Because of differ-
ent study periods and possible differences in the study 
populations, a direct comparison of the results is 
 feasible only to a limited degree.

Regarding the development of resistance in gram-
positive pathogens, the increase of VRE in SARI ICUs 
is notable, and the incipient confirmations of linezolid-
resistant E. faecium isolates further restrict therapeutic 
options (16). The development and selection of VRE 
can be explained primarily by the use of different anti-
biotics and the resultant selection pressure on the 
Entero coccus species that naturally occurs in the gas-
trointestinal tract (17–19). In addition to vancomycin 
(19), ceftriaxone (20) and antibiotics with anaerobic 
 activity—for example, metronidazole or piperacillin/ta-
zobactam—seem to have an important role in the selec-
tion process (18, 21, 22). According to SARI, the rise in 
VRE started in 2007. Simultaneously, the use of glyco-
peptide antibiotics and piperacillin/tazobactam in-
creased. By contrast, we did not identify an increase in 
the use of third-generation cephalosporins and 
 imidazole derivatives in the study period. In terms of 
the spread of VRE in hospitals, however, other factors 
also have an important role. Because of their high envi-
ronmental tenacity, VRE can survive for long periods 

FIGURE 2Trends in the 
 resistance rate  
of vancomycin-
 resistant E. faecium 
(VRE) in SARI inten-
sive care units 
(N = 77) from 2001 
to 2015. Values are 
 smoothed and show 
12-month moving 
averages. The bold 
red line shows the 
pooled mean value 
of all SARI ICUs, the 
beige area marks 
the interquartile 
range (25th and 75th 
percentile), and the 
dotted black line 
the median.
 E. faecium: Entero-
coccus faecium; 
SARI: Surveillance 
der Antibiotika-
 Anwendung und der 
bakteriellen 
 Resistenzen auf 
deutschen Intensiv-
stationen [surveil-
lance of antibiotic 
use and resistance 
in intensive care 
units]; ICU: inten -
sive care unit
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on inanimate surfaces, which facilitates transmission 
between patients, especially if hygiene measures are 
not strictly adhered to (19, 23).

In addition to VRE, according to the European 
Centre for Disease Prevention and Control (ECDC), 
another cause for concern is the increase of multiresist-
ant gram-negative pathogens in invasive infections 
(24). Europe-wide between 2011 and 2014, the mean 
proportion of VRE increased from 6.2% to 7.9%, 
whereas the proportion of E. coli and K. pneumoniae 
isolates with resistance to third-generation cephalospo-
rins increased from 9.6% to 12% and from 23.6% to 
28%, respectively. Furthermore, the proportion of 
 imipenem-resistant K. pneumoniae isolates increased 
from 6% to 7.3% (24). Systematic reviews and meta-
analyses indicate that the case fatality rate in infections 
with VRE (25), E. coli and K. pneumoniae with resis-
tance to third-generation cephalosporins (26), and K. 
pneumoniae with resistance to imipenem (27) is signifi-
cantly raised compared with infections with susceptible 
pathogens.

In SARI ICUs, resistant gram-negative pathogens 
have gained in importance. Except for P. aeruginosa, 
they were identified in individual cases only at the start 
of the study period. In the meantime, resistant gram-
negative pathogens have become responsible for half of 
the resistance burden in SARI ICUs. The proportion of 
E. coli and K. pneumoniae isolates with resistance to 
third-generation cephalosporins in SARI ICUs has not 
risen further in the past 3–4 years after a notable in-
crease between 2001 and 2011, but the resistance rate 

in both pathogens in 2015 was still high, above 15%. 
One explanation of this stagnation may be the fact that 
because of increasing resistance against third -
-generation cephalosporins, carbapenems had to be 
used increasingly in empiric and definitive antibiotic 
therapy (12). This facilitated the selection of 
imipenem- resistant K. pneumoniae and A. baumannii 
isolates that are difficult to treat and, in the worst case 
scenario, are associated with hospital outbreaks 
(28–31). On SARI ICUs, imipenem-resistant A. 
 baumannii isolates have been identified regularly since 
2005, whereas imipenem-resistant E. coli isolates have 
hardly been identified at all, and K. pneumoniae iso-
lates only since 2014. A look back, however, shows that 
the development of resistance of the same path ogens 
against third-generation cephalosporins started in a 
similar way 15 years ago, and in the meantime this has 
become an ongoing problem in Germany’s ICUs. The 
fact that the proportion of resistant Enterobactericeae 
seems to increase even in the general population (32) 
makes it clear that it is not enough to study resistance 
patterns only in hospitals.

Intervention options
The rising prevalence of multiresistant pathogens 
 presents an enormous challenge to medical profes-
sionals. For this reason, the use of classes of antibiotics 
that can still be used to treat the relevant 
 pathogens—for example, in empiric antibiotic ther-
apy—is increasingly necessary. This is especially the 
case for the increasingly older and comorbid patients in 

Trends in 
the incidence  
density of resis-
tant pathogens in 
intensive care 
units (N = 77) 
from 2001 to 
2015 
 MDRB: multidrug 
resistant bacteria; 
3GC: 3rd generation 
 cephalosporins;  
E. coli: Escherichia 
coli; K: pneumo-
niae: Klebsiella 
pneumoniae; 
A. baumannii: 
Acine tobacter bau-
mannii; E. faecium: 
Enterococcus 
 faecium; S. aureus: 
Staph ylococcus 
 aureus 
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ICUs (4, 33). In order to slow down the rise and spread 
of multiresistant pathogens in intensive care units, strict 
adherence to hygiene measures is required, as is 
rational use of antibiotics, for example, with the sup-
port of multidisciplinary “antibiotic stewardship” 
teams (3, 34, 35). Furthermore, surveillance of anti-
biotic consumption and antibiotic resistance according 
to § 23 paragraph 4 of the German Protection Against 
Infection Act (Infektionsschutzgesetz, IfSG) can 
 contribute to optimizing the use of antibiotics and ob-
serving the further spread of multiresistant pathogens 
(36). Ultimately, a multidisciplinary and cross-sectoral 
approach (One Health concept) is needed to stop the 
spread of multiresistant pathogens in general; in 
 additional to human and veterinary medicine, animal 
husbandry, agriculture, and the environment will have 
to be included in this concept (37).

Limitations
Because of the ecological study design, the results 
should be interpreted with caution, and the following 
limitations should be borne in mind: 

● Participation in SARI is voluntary. For this 
 reason, it is not clear to which extent the results are 
generalizable to all of Germany’s ICUs. Because ICUs 
are largely heterogeneous in terms of patient popu-
lations, size, and hospitals’ different levels of medical 
care, we cannot assume that the results are represen-
tative for the whole of Germany. As the proportion of 
university hospitals and maximum care hospitals is 
very high in our sample, antibiotic use and resistance 
rates may have been overestimated.

● Only 20 of the 77 ICUs provided data continu-
ously over the entire study period. However, the sensi-
tivity analysis (eTable 5) does not give any indication 
that antibiotic use and resistance rates in the total 
 cohort and the core cohort developed materially differ-
ently.

● Resistance testing was done by different labora-
tories and followed different standards (DIN 58940, 
CLSI, and EUCAST). These standards partly differ in 
terms of their threshold values for the categories “sus-
ceptible,” “intermediate,” or “resistant” (to a particular 
antibiotic). If laboratories swap CLSI for EUCAST, the 
resistance rate of some pathogens to certain antibiotics 
may rise (38). Furthermore, threshold values also 
changed over the study period within certain testing 
methods—for example, CLSI 2009–2011. This poses 
an additional obstacle to the interpretation of the resis-
tance rate (38–40). Even though in our data, the effect 
of such changes cannot be identified, an (additional) 
rise in resistance rates from 2011 onwards seems to be 
plausible.

● As SARI did not collect data on the collection 
sites where pathogens were isolated, the proportions of 
infections and colonization cannot be calculated.

● The DDD used to describe antibiotic use does not 
necessarily reflect the recommended daily dose (RDD) 
or the prescribed daily dose (PDD) in Germany. For 
this reason, antibiotic use may have been overesti-

KEY MESSAGES

● The large increase in vancomycin-resistant enterococci 
and the increase in resistance to impenem should 
prompt a strengthening of attention given to these 
 subjects nationwide, as well as a demand for and 
 implementation of relevant prevention measures.

● In this context, rapid diagnostic evaluation and targeted 
therapy are of great importance, as are effective 
 measures for preventing the spread of multiresistant 
 pathogens.

● Specialists working in “antibiotic stewardship” and 
 prevention of infection should provide regular advice at 
 least in all hospitals with intensive care units.

● The rise in the use of broad-spectrum and reserve anti-
biotics should provide an impetus for optimizing rational 
antibiotic use in hospitals. 

● Owing to the study design—that is, voluntary participa -
tion of the intensive care units and the composition of 
the group under study over time—we cannot claim that 
the study results are representative for Germany. 

mated—for example, when the prescribed dose was 
higher than the defined daily dose in some β-lactam 
antibiotics—or underestimated—for example, when a 
reduced dose was given to patients with kidney failure.

In spite of these limitations, the present data can help 
to better assess trends in antibiotic consumption and re-
sistance patterns in Germany’s ICUs and to develop 
measures to combat the development of resistance.
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eTABLE 1

Baseline characteristics of intensive care units participating in the surveillance project since 2001*

* The total cohort includes all ICUs that ever submitted data to SARI (N = 77). The core cohort includes those ICUs, that continuously 
submitted data from 2001 through 2015 (N = 20, core cohort). The data of the total cohort were included in the main analysis in the 
 manuscript. The data of the core cohort were used for the sensitivity analysis and compared with those of the total cohort. 

ICU: intensive care unit; IQR: interquartile range; SARI: Surveillance der Antibiotika-Anwendung und der bakteriellen Resistenzen auf 
deutschen Intensivstationen [surveillance of antibiotic use and resistance in intensive care units]

Variable

Hospitals, No

Participating ICUs, No

No of ICU beds, median (IQR) 

Type of ICU 

Interdisciplinary, n (%)

Medical, n (%)

Surgical, n (%)

Data collection of ICUs in months,  
median (IQR)

No of hospital beds, median (IQR)

Medical care level of hospital

Maximum care: university medical center, n (%)

Maximum care: other, n (%)

Secondary care with specialty focus, n (%)

Secondary care hospital, n (%)

Standard care, n (%)

Basic care, n (%)

Patient days in total

2001–2015 
Total cohort (N = 77 ICUs)

44

77

12 (10–16)

35 (45)

19 (25)

23 (30)

89 (60–156)

572 (411–1008)

8 (18)

8 (18)

12 (27)

1 (2)

13 (30)

2 (5)

2 920 068

2001–2015  
Core cohort (N =20 ICUs)

10

20

12 (10–15)

6 (30)

7 (35)

7 (35)

180 (164–180)

956 (308–1484)

3 (30)

3 (30)

1 (10)

–

2 (20)

1 (10)

1 229 428
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eTABLE 3

Microbiological tests/standards used to determine bacterial resistance*

* Of laboratories participating in SARI.
CLSI: Clinical & Laboratory Standards Institute; DIN: Deutsches Institut für Normung [German standards 
 institute]; EUCAST: European Committee on Antimicrobial Susceptibility Testing; ICU: intensive care unit; 
SARI: Surveillance der Antibiotika-Anwendung und der bakteriellen Resistenzen auf deutschen Intensiv -
stationen [surveillance of antibiotic use and resistance in intensive care units]

 

Year

2001

2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012

2013

From 2014

Microbiological tests used 
(monthly figures by number of ICUs), n (%)

DIN

233 (60)

251 (60)

276 (61)

251 (54)

279 (56)

303 (56)

330 (61)

318 (62)

306 (57)

293 (58)

265 (51)

258 (41)

246 (40)

No data reported

EUCAST

0

0

0

0

0

0

0

0

0

18 (4)

77 (15)

131 (21)

126 (21)

CLSI

158 (40)

168 (40)

177 (39)

216 (46)

221 (44)

239 (44)

215 (39)

192 (38)

228 (53)

193 (38)

180 (34)

242 (38)

241 (39)
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eMETHODS

Methods
Participation in the surveillance of antibiotic use and 
bacterial resistance in German intensive care wards 
(SARI) is voluntary. The methods are explained in the 
relevant study protocol (http://sari.eu-burden.info/
down/protokoll.pdf) and have been described in detail 
elsewhere (10–12). Interested, non-pediatric intensive 
care units (ICUs)—independently of the type of hospi-
tal— in Germany have been able to enroll since 2001. 
The following criteria have to be met in order to be able 
to participate:
● A named person is nominated to have responsi -

bility for the project.
● Resistance testing is done by using German indus-

try standards (DIN 58940), CLSI (Clinical & 
 Laboratory Standards Institute), or EUCAST 
 (European Committee on Antimicrobial Suscepti-
bility Testing).

● Patient days, antibiotic use, and resistance rates of 
selected pathogens are reported on a monthly 
 basis to the study center at Charité Berlin.

Ideally, ICUs are already participating in a module 
of the hospital infection surveillance system KISS 
(Krankenhaus-Infektions-Surveillance-System), be -
cause important data, such as the size of the hospital, 
the type of ICU, and the number of ICU beds, would 
have already been collected. In the context of quality 
control measures, participating laboratories sent bacte-
rial isolates to the central study laboratory, which re-
tested resistance patterns and undertook proficiency 
tests (12). The present study included all ICUs that pro-
vided data on antibiotic use and pathogens’ resistance 
patterns be tween 2001 and 2015.

Antibiotic use
Data on antibiotic use were collected via the pharma-
cies in participating hospitals. The documented use of 
all oral and parenteral antibiotics in a ward is calculated 
in defined daily doses (DDD, in g) per antibiotic. The 
defined daily dose is a mathematical variable defined 
by the World Health Organization (WHO), which 
 corresponds to the assumed mean daily maintenance 
dose for the main indication of a medical drug in adults, 
and which enables international comparison of anti -
biotic use data (e1). From antibiotic use, the defined 
daily  dose, and the number of patient days, the anti -
biotic use density is calculated by using the following 
formula: (antibiotic use in g/defined daily dose in g) × 
1000 patient days.

Resistance data
The ICUs participating in SARI reported the numbers 

of confirmed isolates of the following 13 pathogens:
● Staphylococcus aureus
● Streptococcus pneumoniae
● Coagulase-negative staphylococci
● Enterococcus faecalis
● Enterococcus faecium
● Escherichia coli
● Klebsiella pneumoniae
● Enterobacter cloacae
● Serratia marcescens
● Citrobacter spp.
● Pseudomonas aeruginosa
● Stenotrophomonas maltophilia
● Acinetobacter (A.) baumannii.
 Since 2012, some laboratories have conducted fur -

ther species identification within the A. baumannii 
complex (A. baumannii [sensu stricto], A. calcoaceti-
cus, A. pittii, and A. nosocomialis), which means that 
the isolates previously attributed to the A. baumannii 
complex (sensu stricto) are detected less often (e2).

The frequency with which specimens are taken is the 
clinicians’ prerogative in the relevant ICU; SARI does 
not consider mere screening investigations. We did not 
collect data on the number of specimens sampled, the 
collection site, nor on whether infection or colonization 
was present, and whether the pathogen had been 
 community-acquired or hospital-acquired.

In addition to the isolates, the laboratories responsi-
ble for the ICUs report on a monthly basis the number 
of isolates tested for specific antibiotics and resistant 
isolates. The antibiotics that are to be tested per species 
are defined in the study protocol (http://sari.eu-burden.
info/down/protokoll.pdf). Resistance is tested for by 
following the German industry standard (DIN) 58940, 
CLSI (Clinical & Laboratory Standards Institute), or 
EUCAST (European Committee on Antimicrobial 
 Susceptibility Testing). Until the 31 December 2013, 
information about the test method employed was 
 reliably documented. Copy strains—that is, isolates de-
tected within 30 days from a patient with an identical 
antibiogram—were not included in the evaluation. An 
isolate is considered non-identical if at least one of the 
antibiotics that were predefined for each species 
 deviated in terms of the classification R (resistant), S 
(susceptible), or I (intermediate)—for example, from R 
or S to I.

A pathogen’s resistance rate is calculated from the 
number of resistant isolates of a species to a certain 
 antibiotic, divided by the number of all pathogens tes-
ted against this antibiotic × 100. The resistance density 
results from the number of resistant pathogens/1000 
 patient days.
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Feedback
Participating ICUs received annual feedback on their 
own antibiotic use density compared with that of all 
participating ICUs (reference values), as well as on 
their own resistance rate and resistance density com -
pared with the reference values of those ICUs using the 
same testing methods.

Statistical analysis
From the data, we calculated pooled means, medians, 
and interquartile ranges (IQR, 25th and 75th percentile) 
for the antibiotic use density, resistance rate, and resis-
tance density for 2001–2015. Not all ICUs participated 
in SARI for the entire study period. For this reason, we 
calculated in a sensitivity analysis the antibiotic use 
density, resistance rate, and resistance density of com-
monly used antibiotics and selected pathogens only for 
those ICUs that reported data continuously from 2001 
through 2015 (core cohort). We compared the results of 
the core cohort and the total cohort at 2001 and 2015, in 
order to identify possible differences in the develop-
ment of antibiotic use and resistance rates. We used the 
Wilcoxon test to find out for both cohorts, whether 
 antibiotic use and resistance rates of the analyzed 
 pathogens changed from 2001 to 2015. Trends over 
 time in the resistance rates of selected pathogens were 
dis played graphically as a moving average over 12 
months (smoothed graph). The reference values for an-
tibiotic use density and resistance rates (pooled data 

from 2001–2015) that were calculated in the context of 
the SARI project are in the public domain at sari.eu-
burden.info. We used SAS 9.4 (SAS Institute Inc., Ca-
ry, NC, USA) to analyze our data.

Sensitivity analysis
In total, 20 of the 77 ICUs continuously provided data 
for the entire study period. Hospitals in the core cohort 
(20 ICUs) had a greater median number of beds than 
the total cohort (77 ICUs); the larger proportion consis-
ted of hospitals offering maximum medical care 
 (eTable 1). Trends in antibiotic use in the core and total 
cohorts are comparable (eTable 4). The use of all anti-
biotics increased from 2001 to 2015 in the core cohort 
by a mean of 21% (p = 0.04) and in the total cohort by 
19% (p = 0.03). The use of carbapenems (+231% core 
cohort versus +230% total cohort), piperacillin/tazo -
bactam (+243% versus +247%), or other antibiotics 
(+734% versus +928) increased to a comparable degree 
in both cohorts, and the use of aminoglycosides (–78% 
versus –75%) decreased to a comparable degree in 
both cohorts (p <0.001 for all values). Trends in the 
resistance rate in the core cohort and total cohort are 
similar (eTable 5). Slight differences were seen in the 
resistance rate of vancomycin-resistant E. faecium 
(VRE): the resistance rate of VRE increased in the 
 core cohort from 1% to 16.5% (+1560%; p <0.001) 
and in the total cohort from 2.3% to 13.3% (+470%; 
p <0.001).
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eFIGURE

Trends in resistance rates to third-generation cephalosporins and imipenem of selected gram-negative pathogens in SARI intensive care units (ICUs) from 
2001 to 2015. a+b) resistance to third-generation cephalosporins; c–f) resistance to imipenem. Values are smoothed and reflect 12-month moving averages. The 
bold red line shows the pooled mean value for all SARI ICUs, the beige area marks the interquartile range (25th and 75th percentile), the dotted black line shows the 
median. A. baumannii: Acinetobacter baumannii; E. coli: Escherichia coli; K. pneumoniae: Klebsiella pneumoniae; P. aeruginosa: Pseudomonas aeruginosa; SARI: 
 Surveillance der Antibiotika-Anwendung und der bakteriellen Resistenzen auf deutschen Intensivstationen [surveillance of antibiotic use and resistance in intensive 
care units]

2001 2003 2005 2007 2009 2011 2013 2015

  0

 10

 20

 30

Resistance to third-generation cephalosporins

a) E. coli

Resistance rate (%)

Year

2001 2003 2005 2007 2009 2011 2013 2015

  0

  1

  3

  5
c) E. coli

Resistance rate (%)

Year

2001 2003 2005 2007 2009 2011 2013 2015

 20

 60

100
e) A. baumannii

Resistance rate (%)

2001 2003 2005 2007 2009 2011 2013 2015

b) K. pneumoniae

Resistance rate (%)

Year

Year

  4

  2

2001 2003 2005 2007 2009 2011 2013 2015

d) K. pneumoniae

Resistance rate (%)

Year

 80

 40

2001 2003 2005 2007 2009 2011 2013 2015

f) P. aeruginosa

Resistance rate (%)

Resistance to imipenem

  0

Year


