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Background: The impact of antimicrobial resistance (AMR) on death at the patient level is challenging to 
estimate. We aimed to characterize AMR-attributable deaths in a large UK teaching hospital.

Methods: This retrospective study investigated all deceased patients in 2022. Records of participants were 
independently reviewed by two investigators for cases of AMR-attributable deaths using a newly proposed 
patient-level definition.

Results: In total, 758 patients met inclusion criteria. Infection was the underlying cause of death for 11.7% 
(89/758) and was implicated in the pathway that led to death in 41.1% (357/758) of participants. In total, 
4.2% (32/758) of all deaths were AMR-attributable. Median time from index sample collection to death was 
4.5 days (IQR 2–10.5 days). The majority of AMR-attributable deaths (56.3%, 18/32) were associated with intrin
sic resistance mechanisms, primarily by Enterococcus faecium (20.7%), Enterobacterales carrying repressed 
chromosomal ampicillinase Cs (AmpCs) (14.7%) and Pseudomonas aeruginosa (11.8%), whereas a minority 
(43.7%, 14/32) had acquired resistance mechanisms, primarily derepressed chromosomal AmpCs (11.8%) 
and ESBLs (8.8%). The median time to effective treatment was 32 h 15 min (no difference between subgroups). 
Only 62.5% (20/32) of AMR-attributable deaths had infection recorded on the death certificate. AMR was not 
recorded as a cause of death in any of the patients.

Conclusions: Infection and AMR were important causes of death in our cohort, yet they were significantly under
reported during death certification. In a low-incidence setting for AMR, pathogen-antimicrobial mismatch due to 
intrinsic resistance was an equally important contributor to AMR-attributable mortality as acquired resistance 
mechanisms.
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other permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information 
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Introduction
Antimicrobial resistance (AMR) is a global health concern and was 
declared a top 10 threat to human health by the WHO in 2019.1 It 
refers to the ability of microorganisms, especially bacteria, to re
sist or to become tolerant to antimicrobials, because of either 
acquired or intrinsic resistance mechanisms.2 AMR can cause 
pathogen-antimicrobial mismatch, making treatment of infec
tions delayed or ineffective, a scenario strongly linked to elevated 

mortality.3,4 Quantifying the total number of deaths caused by 
AMR is important for accurate epidemiological monitoring of 
drug-resistant infections with the highest burden of disease, 
guiding new diagnostics, treatments and guidelines, as well as 
raising awareness on the magnitude of the problem among rele
vant stakeholders, including governments and the public.

Despite established national vital statistic registries in many 
countries, how many people die of antibiotic-resistant infections 
remains difficult to determine. This is largely due to incomplete 
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AMR-related data entry during completion of the medical certifi
cate of cause of death (MCCD), from which national statistics are 
derived.5 Challenges may include lack of microbiological testing 
to detect AMR, low physician awareness to attribute infection- 
related deaths to AMR and limitations in existing coding systems 
to record AMR at the time of death.5 For these reasons, quantifi
cation of the total number of AMR-attributable deaths through vi
tal statistics registries is likely inaccurate.

To address this limitation, large-scale modelling studies have 
attempted to estimate the total number of AMR-attributable 
deaths by defining them based on the counterfactual scenario 
whereby drug-resistant infections are replaced by drug-sensitive 
infections.6–9 This approach relies on a priori knowledge of 
antibiotic-resistant infection rates, as well as precise case fatality 
ratios for antibiotic-sensitive and antibiotic-resistant infections. 
However, these estimates cannot be reliably extrapolated for all 
possible combinations of pathogens, antimicrobials and infection 
sites.10 Moreover, the primary driver of mortality from AMR is de
pendent on the timing and antimicrobial activity of prescribed 
antibiotics.11,12 Population-level modelling does not account for 
these factors, indicating that patient-level assessments are more 
likely to inform the true contribution of AMR on patient mortality.

In this study, we sought to quantify the proportion of deaths 
attributable to AMR over 1 year in a major UK academic centre. 
We propose and deploy a new patient-level definition of 
AMR-attributable death that focuses on treatment delay due to 
resistance and describe the patient cohorts, pathogens and re
sistance mechanisms most frequently involved.

Methods
Ethical approval
The study was approved by the Audit and Research Committee in 
the Department of Clinical Microbiology, University College London 
Hospitals. Requirement for regional ethics committee review was waived 
as this was a retrospective review of routine clinical data analysed for ser
vice development.

Study setting
This study was conducted in University College London Hospitals NHS 
Foundation Trust (UCLH), a tertiary teaching hospital in central London, 
with a total inpatient bed capacity of 1022 beds. The Trust acts as a refer
ral centre for haematology and haematopoietic cell transplantation in 
North and East London and West Essex, being one of the largest blood dis
eases treatment centres in Europe. It also hosts the Hospital of Tropical 
Diseases and the National Hospital for Neurology and Neurosurgery. 
Pathology services in UCLH, including microbiology, virology and parasit
ology, are provided by the Health Services Laboratories (HSL), a 
state-of-the-art diagnostic laboratory accredited by the UK National 
External Quality Assessment Service. HSL uses the most recent EUCAST 
guidelines (version 12 and version 13 for the two study years) for anti
microbial susceptibility testing.

Study population
We reviewed the records of all patients who died as inpatients at UCLH 
between 1 January 2022 and 31 December 2022. Eligible patients were 
identified through the local medical examiner office registry. Patients 
without available data on the cause of death as recorded on the MCCD 
were excluded. No other exclusion criteria applied.

Data sources and measurement
All data were collected from computerized medical records (Epic Systems 
Corporation, Verona, WI, USA and WinPath Enterprise, Clinisys, Woking, 
UK).13 Ethnicity was recorded as white, Asian, black, mixed or other as de
fined in the 2021 UK Census. The Index of Multiple Deprivation was calcu
lated according to participants’ postcodes. Causes of death as described 
on the MCCD were collected using ICD-10 codes and grouped in categor
ies as suggested by the Office of National Statistics.14 The Underlying 
Cause of Death (UCOD) and Multiple Causes of Death (MCD) were deter
mined according to WHO methodology.15

In accordance with WHO guidelines, the UK MCCD has two sections for 
recording causes of death. Part 1 consists of three lines to record the 
pathway of morbid events leading to death, where the UCOD is the con
dition that initiates this sequence. Part two of the death certificate is de
signated for conditions that contribute to death but do not have a 
significant direct relationship to the underlying cause. The MCD approach 
includes all medical conditions listed on the death, including those in part 
one and part two. If two discreet pathologies are given as the UCOD, they 
are considered equally responsible for the patient’s death and 0.5 deaths 
are recorded for each pathology. This is to avoid scenarios in which the 
total number of UCODs is greater than the number of participants who 
died. Infection was recorded as the UCOD if it was the condition on the 
MCCD that initiated the sequence of events that led to death, otherwise 
it was considered to be in the pathway that led to death if it was recorded 
in section 1 but was not the UCOD.

AMR-attributable death definition
To the best of our knowledge, there is no previously established patient- 
level definition of an AMR-attributable death. The following definition was 
proposed and used in this study:

Clinically significant treatment delay was set at 1 h for patients with 
septic shock at the time of sample collection, at 6 h for patients with sep
sis and at 24 h for patients with infections without sepsis and septic 
shock.12,16,17 The Third International Consensus Definitions for Sepsis 
and Septic Shock were used.18 The 28 day window was adopted from 
the US FDA recommendations for mortality endpoints of acute 
infections.19,20

Data collection
To apply the definition of AMR-attributable deaths, all participant cases 
were linked to local microbiological results within 28 days of death. 
Medical records of patients with any positive microbiological sample 

An AMR-attributable death is recorded when:
1. There is a positive microbiological sample (excluding 

screening samples) for a pathogen within 28 days of death.
AND
2. Two independent investigators agree that:

a. At the time of death there was an active infection at the 
site where the pathogen in 1) was identified.

AND
b. The infection contributed (but was not necessarily 

solely responsible) to the patient’s death.
AND

3. There was a clinically significant delay in in vitro effective 
antimicrobial therapy because of the pathogen’s resistance 
profile.
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within 28 days of death were then independently reviewed by two study 
investigators (I.B., T.M.R.), who recorded cases of AMR-attributable deaths 
using the study definition. In case of disagreement, a third investigator 
(G.P.) reviewed the case and acted as the tiebreaker. Cases of 
AMR-attributable deaths were then further divided into acquired resist
ance–attributable deaths and intrinsic resistance–attributable deaths, 
depending on whether the treatment delay was due to an acquired or in
trinsic resistance mechanism for that particular pathogen as described by 
EUCAST.21 Intrinsic resistance mechanisms were defined as the ones 
leading to EUCAST-defined expected phenotypes, whereas all others 
were considered acquired.21 In the absence of knowing the time of infec
tion onset for all cases, time to effective treatment was calculated as the 
difference between the sample collection time and the administration of 
the first in vitro effective antimicrobial.

Statistical analysis
Statistical analysis was performed using SPSS v29 (IBM Corp., Armonk, NY, 
USA). Continuous variables were expressed as medians with IQRs, cat
egorical variables as percentages. Univariable comparisons were made 
using the Mann–Whitney U test for continuous variables and Pearson’s 
chi-squared test for categorical variables, as appropriate. We calculated 
95% CIs using 10 000 bootstrap samples. The level of statistical signifi
cance was set at 0.05. No formal power analysis was performed as all 

available patients were enrolled. This study has been reported according 
to the Strengthening the Reporting of Observational Studies in 
Epidemiology (STROBE) guidelines.22

Results
Cohort characteristics
There was a total of 815 deaths recorded in the study centre 
during the study period. MCCD details were available for 93% 
(758/815) of patients, which were included in the final analysis. 
Cohort characteristics are described in Table 1. The median age 
was 72 years (IQR 61–83) and there was a slight male predomin
ance (54.6%, 414/758). The majority of patients were of white 
ethnicity (53%, 402/758) and levels of deprivation were low 
(53.6%, 404/758 in the two least-deprived quintiles, Table 1). 
Most patients were admitted under medical inpatient teams dur
ing their final admission (58.8%, 446/758), followed by oncology 
(16.6%, 126/758), haematology (15.8%, 120/758) and surgery 
(12.5%, 95/758). Only 4.1% (31/758) of patients were admitted 
to intensive care.

Table 1. Cohort characteristicsa

Variable
All deaths 

N = 758
AMR-attributable deaths 

n = 32
Non-AMR-attributable deaths 

n = 726 P

Age 72 (61–83) 67 (54–74) 73 (62–84) 0.01
Sex

Male 414 (54.6%) 15 (46.9%) 399 (55%) 0.37
Female 344 (45.4%) 17 (53.1%) 327 (45%)

Ethnicity
White 402 (53%) 14 (44%) 388 (53.4%) 0.12
Asian 57 (7.5%) 1 (3%) 56 (7.7%)
Black 37 (4.9%) 1 (3%) 36 (5%)
Mixed 9 (1.2%) 0 (0%) 9 (1.2%)
Other 59 (7.8%) 1 (3%) 58 (8%)
Not stated/not known 194 (25.6%) 15 (47%) 179 (24.7%)

Index of Multiple Deprivation quintileb

1st (least deprived) 141 (18.7%) 9 (28.1%) 132 (18.3%) 0.08
2nd 263 (34.9%) 5 (15.6%) 258 (35.8%)
3rd 185 (24.6%) 8 (25%) 177 (24.5%)
4th 104 (13.8%) 8 (25%) 96 (13.3%)
5th (most deprived) 60 (8%) 2 (6.3%) 58 (8.1%)

Number of specialties during final admission 1 (1–1) 1 (1–1) 1 (1–1) 1
Medicine 446 (58.8%) 19 (59.4%) 427 (58.8%) 0.95
Surgery 95 (12.5%) 2 (6.3%) 93 (12.7%) 0.27
Intensive care 31 (4.1%) 1 (3.1%) 30 (4.1%) 1
Haematology 120 (15.8%) 9 (28.1%) 111 (15.3%) 0.06
Oncology 126 (16.6%) 3 (9.3%) 123 (16.9%) 0.26
Infectious diseases 53 (7%) 1 (3.1%) 52 (7.2%) 0.72
Emergency medicine 18 (2.4%) 0 (0%) 18 (2.5%) 0.37
Paediatrics 3 (0.4%) 0 (0%) 3 (0.4%) 1
Psychiatry 1 (0.1%) 0 (0%) 1 (0.1%) 1

aContinuous variables are presented as median (IQR), categorical variables as n (%).
bn = 753.
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Infection as a documented cause of death
Infection was the UCOD for 11.7% (89/758) of patients but was 
implicated in the pathway that directly led to death in 41.1% 
(357/758) of cases (Figure 1a). The most common infections as 
the UCODs were respiratory tract infections (57.3%, 51/89). A me
dian of three MCDs (IQR 2–4) were recorded on the MCCD in this 
patient cohort. Infection was the second commonest cause of 
death (19%, 399/2106), behind only diseases of the circulatory 
system (29.7%, 626/2106, Figure 1b). Other common causes of 
death included solid malignancies (14%, 295/2106), diseases of 
the respiratory system (6.9%, 145/2106), haematological malig
nancies (5.5%, 115/2106) and diseases of the digestive system 
(5.1%, 108/2106). The most common infections contributing 
to death were infections of the respiratory system (62.5%, 
248/399), sepsis (12.5%, 50/399), COVID-19 (11%, 44/399), 
intra-abdominal infections (4.5%, 18/399) and infections of the 
urinary tract (3.5%, 14/399).

AMR-attributable deaths
In total, 36.5% (277/758) of patients had a least one positive 
microbiological sample within 28 days of death. Detailed review 
of these cases identified that 4.2% (32/758) of patients had an 
AMR-attributable death according to our prespecified study def
inition. The median time from sample collection to death was 
4.5 days (IQR 2–10.5 days). Cohort characteristics are described 

in Table 1. Patients with AMR-attributable deaths were younger 
(median age 67 versus 72, P = 0.01) and were more commonly 
under haematology, although the difference did not reach statis
tical significance (28.1% versus 15.3%, P = 0.06, Table 1). No other 
significant differences were observed.

Within AMR-attributable deaths, the majority (56.3%, 18/32) 
were intrinsic resistance–attributable deaths, and the minority 
(43.7%, 14/32) were acquired resistance–attributable deaths. The 
leading causes of intrinsic resistance–attributable deaths were 
Enterococcus faecium (38.9%, 7/18), Enterobacterales carrying re
pressed chromosomal ampicillin Cs (AmpCs; 27.7%, 5/18) and 
Pseudomonas aeruginosa (22.2%, 4/18). A variety of acquired resist
ance mechanisms were detected among AMR-attributable death 
cases, including four deaths (28.7%, 4/14) due to resistance from 
derepressed chromosomal AmpCs, three deaths (21.4%, 3/14) 
from plasmid-encoded ESBLs and only one death (7.1%, 1/14) 
due to a carbapenemase producer (Figure 2).

The median time to effective treatment from sample collec
tion was 32 h 15 min for all AMR-attributable deaths and did 
not differ significantly between subgroups (36 h 32 min for 
acquired resistance–attributable deaths compared with 30 h 
49 min for intrinsic resistance–attributable deaths, P = 0.31). 
Only 62.5% (20/32) of AMR-attributable deaths had infection re
corded within the pathway that led to death on the MCCD, and 
AMR was not recorded as a cause of death in any of these 
patients.

Figure 1. Causes of death in all study patients, recorded using ICD-10 codes according to WHO methodology. If two discreet pathologies were given as 
the underlying cause of death, they were considered equally responsible for the patient’s death and 0.5 deaths were recorded for each pathology. 
(a) All underlying causes of death and infections recorded as underlying causes of death. (b) All multiple causes of death and infections recorded 
as multiple causes of death.
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Discussion
In this study, we performed a patient-level analysis to determine 
the burden of AMR on mortality using a newly proposed definition 
focusing on treatment delay due to pathogen/antimicrobial mis
match. In our local setting, AMR was responsible for 4.2% of all 
deaths in 2022. We interpreted this to be a significant proportion, 
given that over the same time period in this cohort diseases of the 
respiratory system accounted for 5.2% of all deaths. Suboptimal 
antimicrobial therapy due to intrinsic resistance mechanisms 
leading to death was more frequently observed compared with 
acquired resistance mechanisms. Most strikingly, we found sig
nificant underreporting of infection as a cause of death (37.5%, 
12/32 of cases not recorded), and AMR was not documented 
on the MCCD in any patient including in the 14 deaths due to 
acquired resistance.

AMR is conventionally associated with acquired antimicrobial 
resistance genes (ARGs), carried in plasmids or other mobile gen
etic elements.23 This is reflected in the predominance of microbes 
producing β-lactamases and other acquired resistance mechan
isms in the current WHO AMR critical priority pathogen list.24

However, evidence does not support pathogens carrying ARGs 
to be more virulent than susceptible pathogens.25,26 Excess mor
tality is instead attributed to treatment delays.11,12,16,17 Some 
pathogens with expected resistant phenotypes, like P. aeruginosa 
(intrinsically resistant to amoxicillin/clavulanic acid and earlier 
generation cephalosporins), E. faecium (intrinsically resistant to 
cephalosporins) and Enterobacterales with repressed chromo
somal AmpCs (intrinsically resistant to amoxicillin/clavulanic 
acid and second-generation cephalosporins) can also lead to 
treatment delay.21 Our study reaffirms that in low-AMR- 
incidence settings, intrinsic resistances can be as impactful on 

mortality, indicating that in these settings prevention of 
AMR-attributable deaths should also focus on rapid pathogen 
identification and sufficiently broad empirical treatment regi
mens that cover pathogens with intrinsic resistances.

Our study also highlights the broader underestimation of in
fection and AMR, independent of the resistance mechanism, in 
the pathway that leads to death. This was noted despite the 
rigorous medical examiner process in place in England, through 
which all deaths are reviewed by an independent senior medical 
doctor that requires agreement on the cause of death with the 
responsible medical team.27 Although not formally analysed in 
our cohort, it was particularly evident to the case assessors 
that doctors prioritized chronic conditions, like malignancies, ra
ther than acute conditions, like infections, as the cause of death 
on the MCCD, a phenomenon that has been previously de
scribed.28,29 It is likely that infections contribute to death in the 
context of chronic conditions. For this reason, it is important to 
quantify this disease burden and support AMR national actions 
plans by highlighting the potential benefit of future infection pre
ventative measures, such as improved prophylaxis or vaccines.

Strengths of our study include the unique study design with 
access to patient-level data including death certification data, 
which are rarely available. Data collection was facilitated by a 
state-of-the-art electronic medical record, which supported 
data accuracy. We used an a priori definition for AMR-attributable 
deaths, which was independently applied after careful case re
view by two expert investigators, who reached agreement for 
all cases in a blinded fashion, although interobserver variability 
using Cohen’s kappa was not formally assessed.

Our single-centre study was limited by a small sample size, 
leading to low total numbers of AMR-attributable deaths. More 
importantly, our results might not be representative for all 

Figure 2. Causes of AMR-attributable deaths, presented within subgroups of acquired resistance–attributable deaths and intrinsic resistance– 
attributable deaths. Causes within each subgroup are sorted by frequency. Two patients had more than one pathogen isolated. AmpC, ampicillinase C; 
AMR, antimicrobial resistance; IRT, inhibitor-resistant TEMs; NDM, New Delhi metallo-β-lactamase.
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hospitals, even in low-AMR settings, especially given our large 
haematology patient population, who are at higher risk for infec
tions from E. faecium and P. aeruginosa.30 Treatment delay was 
calculated from sample collection rather than symptom onset 
and is also dependent on local empirical guidelines, which in
clude cefuroxime, amoxicillin/clavulanic acid and aminoglyco
sides for many infections in non-haematology patients in our 
centre. Hospitals that use antipseudomonal agents or glycopep
tides in their empirical regimens might experience lower rates of 
intrinsic resistance–attributable deaths than we observed, but 
risk development of AMR and higher numbers of acquired resist
ance–attributable deaths instead. We were unable to access 7% 
of MCCDs due to confidentiality purposes, therefore we cannot 
assess for systematic differences of patients excluded. Yet, they 
represent less than 10% of the total sample size and are unlikely 
to have had a high impact. Lastly, our definition of 
AMR-attributable death is limited by the need for a microbiologic
al culture result, but this is a diagnostic process that is not univer
sally performed in the context of a suspected infection and has 
even lower sensitivity if delayed after the commencement of 
antimicrobial therapy. Additionally, we did not have access to eli
gible microbiological results outside our institution, although we 
anticipate the impact of this to be small, as almost 75% of micro
biological samples were collected within 10 days of death at our 
hospital. Therefore, it is likely we underestimated the true num
ber of AMR-attributable deaths in our cohort overall. Future use 
of molecular and genomic assessments of microbiological 
causes of infection may better estimate the association between 
specific resistance mechanisms and death.

In conclusion, infection and AMR were important causes of 
death in our cohort, yet they were significantly underreported 
during death certification. In a low-incidence setting for AMR, 
deaths due to intrinsic resistance were equally important contri
butors to AMR-attributable mortality. Both timely pathogen iden
tification and rapid antimicrobial susceptibility testing are key for 
reducing AMR-attributable mortality.
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