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Abstract 

Objective: To compare the performance of an automated validated computer aided risk of mortality 

score (CARM) versus medical judgment in predicting the risk of in-hospital mortality for patients 

following emergency medical admission.

Method: Consecutive emergency admissions to an elderly care medical admissions ward in one 

hospital were assigned a risk of death at the first post take ward round by consultant staff over a two-

week period. The same admissions were subsequently assigned a risk of death using the CARM score, 

based on age, sex, vital signs and blood test results. The performance of the CARM versus consultant 

medical judgement was compared using the area under the ROC curve (c-statistic) and the positive 

predictive value (PPV).

Results: The in-hospital mortality was 33.1% (121/366).  The c-statistic for CARM was 0.75 (95% CI 

0.70 to 0.80) (CARM) versus 0.72 (95% CI 0.67 to 0.77) for medical judgements. The PPV at a 5% and 

10% risk threshold was higher for CARM (47.0%, 61.9%) compared to medical judgement (43.9%, 

51.5%).

Conclusion: CARM compares favourably with medical judgements in routine clinical care.  CARM 

appears to have a promising role in supporting medical judgements in determining the patient’s risk 

of death in hospital. Further evaluation of CARM in routine practice is required.

Keywords: computer aided-risk score; medical judgement; mortality; emergency medical admission
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Article Summary

 This study compares a novel computer-aided risk of mortality (CARM) score versus medical 
judgment in predicting the risk of in-hospital mortality.

 Consecutive emergency admissions to an elderly care medical admissions ward in one hospital 
were assigned a risk of death at the first post take ward round by consultant staff.

 We then compared the performance of the CARM with consultant medical judgement score 
using the area under the ROC curve (c-statistic) and the positive predictive value (PPV) 

 About 12% of admissions do not have both NEWS and blood test results and so CARM is not 
applicable to these admissions.
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Introduction

Over the past three decades, numerous scoring systems have been developed to estimate the risk of 

mortality in patients admitted to hospital. Two of the most frequently used scores are Acute 

Physiology and Chronic Health Evaluation (APACHE2) [1], and Simplified Acute Physiology Score (SAPS) 

[2]. Nonetheless, despite the preponderance of scoring systems, few studies [3–5] have assessed the 

accuracy of risk equations versus medical judgments in routine clinical settings. This is important 

because if the risk score is found not to perform well when compared to medical judgements, this 

would call into question the incremental benefit of using the score in routine clinical practice despite 

the pedigree of the risk score. 

The National Early Warning Score (NEWS) is based on the patients’ vital signs and in widespread use 

across hospitals in the English National Health Service (NHS) and there has been interest in the 

utilisation of that score to guide escalation of care in adult in-patient settings. The score is not 

presented as a mortality risk but as a numeric score (0 to 19 maximum) with higher scores reflecting 

more sever sickness. The scores are linked to local hospital escalations of care policies. The mortality 

risk across NEWS has previously been published [6] but this specific association may not be widely 

recognised by frontline clinical staff. 

We recently developed a validated computer aided risk of in-hospital mortality (CARM) score, which 

combines age, sex, vital signs (based on NEWS) and blood test results for emergency medical 

admissions [7]. Since all the data items used in CARM are routinely collected as part of the process of 

care there is no additional data collection burden on clinical staff and as soon as the data items are 

electronically recorded the CARM score is automatically computed. As part of the evaluation of CARM 

we set out to compare the performance of CARM versus medical judgements in estimating the risk of 

in-hospital mortality in consecutive emergency admissions to an elderly care ward in one hospital over 

a two-week period.
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Methods

Setting & data 

Our cohort of elderly medical admissions is from York Hospital (managed by York Teaching Hospitals 

NHS Foundation Trust) which has approximately 700 beds. It has been exclusively using electronic 

NEWS scoring since at least 2013 as part of their in-house electronic patient record systems. 

Consecutive admissions to an elderly care medical admissions ward in this hospital were assigned a 

risk of death at the first post take ward round by consultant medical staff over a two-week period 

(February 05, 2017 to February 20, 2017).  The medical staff did not have access to the CARM score 

during the data collection exercise. The same admissions, providing they had sufficient data to derive 

a CARM score, were subsequently assigned a risk of death using the CARM score, based on their age, 

sex, vital signs (based on NEWS) and blood test results [7]. For each admission, we obtained the 

patient’s age, sex (male/female), admission and discharge date and time, AKI score, electronic 

National Early Warning Score (NEWS) (including its subcomponent vital signs data), and seven blood 

test results (albumin, creatinine, haemoglobin, potassium, sodium, urea, and white cell count). We 

excluded records where blood test results were not undertaken at all. However, we imputed 

population age and sex specific median albumin if missing because this is not routinely included in the 

list of routine blood tests at York Hospital.

Statistical Analysis

The performance of CARM versus medical judgement was assessed by comparing risk estimates using 

boxplots. The discrimination of CARM and medical judgments was quantified by the area under the 

Receiver-Operating Characteristic (ROC) curve  [8]. The ROC curve is a plot of the sensitivity, (true 

positive rate), versus 1-specificity, (false positive rate). The area under the ROC curve is summarised 

by a c-statistic which is interpreted as the probability that a randomly chosen deceased patient has a 

higher risk of death than a randomly chosen non-deceased patient. A c-statistic or AUC of 0.5 is no 

better than tossing a coin, whilst a perfect model has a c-statistic of 1. The higher the c-statistic, the 
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better the discrimination. In general, values less than 0.7 are considered to show poor discrimination, 

values of 0.7–0.8 can be described as reasonable, and values above 0.8 suggest good discrimination 

[9]. We compared AUC for CARM and medical judgement using the DeLong’s test [10]. 

We further determined the sensitivity, specificity, positive and negative predictive values, positive and 

negative likelihood ratios for CARM and compared this with medical judgement scores using 

probability thresholds from a NEWS only model for NEWS scores from 1 to 5.  The cut-off of NEWS at 

5 is the recommended threshold for escalation of care [11,12]. All analyses were undertaken in STATA 

[13] and R [14] using rms [15] and pROC [16] packages.

Ethical approval

This study received ethical approval from The Yorkshire & Humberside Leeds West Research Ethics 

Committee on 17 September 2015 (ref. 173753) with NHS management permissions received January 

2016.

Patient and Public Involvement

A workshop with a patient and service user group, linked to the University of Bradford, was involved 

at the start of this project to co-design the agenda for the patient and staff focus groups which were 

subsequently held at each hospital site. Patients were invited to attend the patient focus group 

through existing patient and public involvement groups. The criteria used for recruitment to these 

focus group was any member of the public who had been a patient or carer in the last five years. The 

patient and public voice continued to be included throughout the project with three patient 

representatives invited to sit on the project steering group. Participants will be informed of the results 

of this study through the patient and public involvement leads at each hospital site and the project 

team have met with the Bradford Patient and service user group to discuss the results. 
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Data Sharing Statement

Our data sharing agreement with the York hospital does not permit us to share this data with other 

parties. Nonetheless if anyone is interested in the data, then they should contact the R&D offices at 

York hospital in the first instance.

Results

Cohort description

We considered 414 elderly medical admissions in York hospital. Of these 48 (11.6%) were not eligible 

for comparison because no or incomplete blood test results were recorded (Table 1). 

Characteristic N (%) Died (%)

Total emergency medical admissions 414 131 (31.6)

Total excluded: No or incomplete blood test 
results recorded (%) [excepting Albumin] 48 (11.6) 10 (20.8)

Total included (%) 366 (88.4) 121 (33.1)

Table 1 Number and mortality of elderly medical admissions included/excluded

The in-hospital mortality was 31.7% (121/366). The age, sex, NEWS and blood test results profile is 

shown in Table 2. Compared with patients discharged alive, the deceased patients were aged older, 

with lower albumin, haemoglobin and sodium values, and higher creatinine, potassium, white cell 

count and urea values. NEWS was higher in deceased patients compared with patients discharged 

alive, as were respiratory rate and pulse rate values.  The temperature, blood pressure and oxygen 

saturation values were lower in deceased patients.  

Characteristic Discharged alive Discharged deceased
N 245 121

Male (%) 109 (44.5) 65 (53.7)
Mean CARM Score (SD) 0.07 (0.07) 0.17 (0.16)

Mean Medical Judgement Risk Score (SD) 0.13 (0.14) 0.27 (0.26)
Mean NEWS (SD) 2 (2.1) 3.3 (3.2)

Alertness
Alert (%) 244 (99.6) 114 (94.2)
Pain (%) 0 (0.0) 3 (2.5)
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Voice (%) 1 (0.4) 4 (3.3)
Unconscious (%) 0 (0.0) 0 (0.0)

AKI Score
0 (%) 237 (96.7) 113 (93.4)
1 (%) 5 (2.0) 5 (4.1)
2 (%) 2 (0.8) 2 (1.7)
3 (%) 1 (0.4) 1 (0.8)

Oxygen supplementation (%) 45 (18.4) 40 (33.1)
Mean Age [years] (SD) 84.2 (5.3) 86.9 (6.5)

Mean Albumin [g/L] (SD) 36.6 (4.0) 34.1 (5.4)
Mean Creatinine [umol/L] (SD) 105.3 (60.7) 120.2 (76.4)
Mean Haemoglobin [g/l] (SD) 122.1 (20.1) 117.7 (18.1)

Mean Potassium [mmol/L] (SD) 4.3 (0.5) 4.4 (0.6)
Mean Sodium [mmol/L] (SD) 135.9 (4.4) 135.5 (5.8)

Mean White cell count [10^9 cells/L] (SD) 10.4 (6.6) 12 (13.1)
Mean Urea [mmol/L] (SD) 9.3 (5.5) 12.5 (9)

Mean Respiratory rate [breaths per minute] (SD) 18.4 (2.9) 19.2 (4.5)
Mean Temperature [oC] (SD) 36.5 (0.7) 36.4 (0.8)

Mean Systolic pressure [mmHg] (SD) 134 (24.5) 122.5 (21.8)
Mean Diastolic pressure [mmHg] (SD) 70.7 (13.9) 67.6 (12.1)

Mean Pulse rate [beats per minute] (SD) 78.5 (16.5) 81.5 (18.6)
Mean % Oxygen saturation (SD) 96.2 (1.9) 95.5 (3.1)

Table 2 Characteristics of elderly medical admissions. 
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Comparison of CARM versus Medical Judgement

The boxplots in Figure 1 show that the (estimated) risk of in-hospital mortality using CARM versus 

medical judgments for patients discharge alive and deceased. The predicted risk is systematically 

lower using CARM than for medical judgement for both patients who were discharged alive and 

deceased. The mean estimated risk of in-hospital mortality for patients discharged alive was lower 

with CARM (0.07 SD=0.07) versus medical judgements (0.13 SD=0.14). Likewise for decreased patients, 

the risk estimates from CARM (0.17 SD=0.16) were lower than estimates from medical judgements 

(0.27 SD=0.26). Figure 2 shows the ROC curve. The area under the ROC curve (c-statistic), was higher 

for CARM 0.75 (95% CI 0.70 to 0.80) than for medical judgement 0.72 (95% CI 0.67 to 0.77) and were 

not statistically significant (p-value = 0.34).

Table 3 shows the sensitivity, specificity, positive predictive value and negative predictive value for a 

selected range NEWS values. NEWS at 5 (the recommended escalation threshold), which corresponds 

to a 10% risk of in-hospital mortality, medical judgement had a higher sensitivity (57.9% vs 53.7%), 

lower specificity (73.1% vs 83.7%), lower PPVs (51.5% vs 61.9%) and lower positive likelihood ratios 

(2.1 vs 3.3).
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Medical Judgement CARM

NEWS

Predicted risk 
at NEWS 

thresholds N Sensitivity% Specificity% PPV NPV LR+ LR- N Sensitivity% Specificity% PPV NPV LR+ LR-

1 0.03 331 98.3
(94.2 to 99.8)

13.5
(9.5 to 18.4)

36
(30.8 to 41.4)

94.3
(80.8 to 99.3)

1.1
(1.1 to 1.2)

0.1
(0 to 0.5) 289 91.7

(85.3 to 96)
27.3

(21.9 to 33.4)
38.4

(32.8 to 44.3)
87

(77.4 to 93.6)
1.3

(1.1 to 1.4)
0.3

(0.2 to 0.6)

2 0.04 329 98.3
(94.2 to 99.8)

14.3
(10.2 to 19.3)

36.2
(31 to 41.6)

94.6
(81.8 to 99.3)

1.1
(1.1 to 1.2)

0.1
(0 to 0.5) 245 84.3

(76.6 to 90.3)
41.6

(35.4 to 48.1)
41.6

(35.4 to 48.1)
84.3

(76.6 to 90.3)
1.4

(1.3 to 1.6)
0.4

(0.2 to 0.6)

3 0.05 228 82.6
(74.7 to 88.9)

47.8
(41.4 to 54.2)

43.9
(37.3 to 50.6)

84.8
(77.7 to 90.3)

1.6
(1.4 to 1.8)

0.4
(0.2 to 0.5) 200 77.7

(69.2 to 84.8)
56.7

(50.3 to 63)
47.0

(39.9 to 54.2)
83.7

(77.2 to 89)
1.8

(1.5 to 2.1)
0.4

(0.3 to 0.6)

4 0.08 224 81.8
(73.8 to 88.2)

49
(42.6 to 55.4)

44.2
(37.6 to 51)

84.5
(77.5 to 90)

1.6
(1.4 to 1.9)

0.4
(0.2 to 0.6) 149 62.8

(53.6 to 71.4)
70.2

(64.1 to 75.9)
51

(42.7 to 59.3)
79.3

(73.3 to 84.5)
2.1

(1.7 to 2.7)
0.5

(0.4 to 0.7)

5 0.10 136 57.9
(48.5 to 66.8)

73.1
(67 to 78.5)

51.5
(42.8 to 60.1)

77.8
(71.9 to 83)

2.1
(1.7 to 2.8)

0.6
(0.5 to 0.7) 105 53.7

(44.4 to 62.8)
83.7

(78.4 to 88.1)
61.9

(51.9 to 71.2)
78.5

(73.1 to 83.4)
3.3

(2.4 to 4.6)
0.6

(0.5 to 0.7)

Table 3 Performance of CARM versus medical judgement in predicting the risk in-hospital mortality at NEWS thresholds (1, 2, 3, 4, 5) 

PPV=Positive Predictive Value; NPV= Negative Predictive Value; LR+=Positive Likelihood Ratio; LR-=Negative Likelihood Ratio
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Discussion

In this study, we found the CARM compares favourably with medical judgements made by consultant 

medical staff in-predicting the risk of in-hospital mortality for emergency medical patients admitted 

to the elderly care ward. CARM has a comparable discrimination, and higher PPV and positive 

likelihood ratios. These findings are remarkable because, unlike medical judgements, CARM relies 

exclusively on routinely collected data based primarily on the patients’ vital signs and blood test 

results without having any disease labels or clinical history. Nonetheless it is important to note that 

we have designed CARM to support the medical decision-making process, not replace it, without 

placing any additional data collection burden on staff. The CARM risk prediction can also be made 

available as soon as the physiological observations and blood test results are available and prior to the 

consultant review which may be of assistance to more junior staff. CARM was developed using all 

adult non-elective admissions to medicine and elderly in one trust and externally validated in other 

trust [7].

Our study has several limitations. This study provides a snapshot of the use of CARM in a hospital over 

a short period and the extent to which our findings generalise to patients over a longer time period 

and to other wards and hospitals merit further study. Although CARM is designed to be automated, 

we note that for 11.6% of patients were unable to derive the CARM score because of no or incomplete 

blood test results. The impact of this design feature of CARM in routine clinical practice remain to be 

seen. For example, there may be an increase in the use of blood test results in patients where blood 

test would not ordinarily be undertaken to simply provide a CARM score. Furthermore, how the 

systematically lower estimated risks from CARM actually interact with and modify medical judgments 

also merits further study.

The overall mortality was 5% in the study population in which the CARM risk predictor was developed. 

The overall mortality in this patient cohort is high and it is worth noting that patients had already been 

streamed (selected) as requiring in-patient admission as direct admission from GP or via the 
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emergency department. Thus the pre-test probability of mortality is different to original study 

population yet the CARM risk predictor still performs well in this population. Alternative pathways 

exist for specialty patients, frailty and ambulatory patients within the hospital involved in the study 

where the mean mortality for elderly care non-elective patients is 8%. 

When comparing CARM with medical judgments, no significant differences in AUC were observed. Our 

findings are in line with other study, which also found no significant differences between ROC curves 

for APACHE2 and clinical staff [17]. However, a study reported that the clinical assessment had an 

overall accuracy of 95.2% versus 90.9% for APACHE2 [3]. Other studies have also failed to show an 

advantage for the APACHE2 model when compared to medical judgments by the clinicians [4,5,18]. 

Another study found that physicians were significantly better in predicting outcome in a medical 

intensive care unit  than APACHE [19]. One study concluded that physicians' clinical judgment could 

differ from scoring systems enough to account for large differences in expected outcomes [18].

Although our results are promising, further more rigorous evaluation of CARM is required in real-time 

routine clinical practice over longer time scales and with a wider variety of patients and medical staff. 

The key outstanding question is to determine the extent to which medical decision making and the 

quality and safety of care are enhanced by the use of CARM.

The risk score is produced by an algorithm using variables that are already available to the clinician. 

These variables are however ‘processed’ and a risk score is synthetically created where the human 

brain is not capable of performing these calculations in real time. Clinicians predominantly use rule 

based decisions making, experiential decision making models and a combination of the two as they 

become more experienced/develop expertise. A risk prediction score is not there to replace the clinical 

skills and human interface that exists between patient and clinician, but it may be able to improve the 

situational awareness of the clinician, particularly those with less experience than the consultant. 

Further studies of the utilisation of risk scores in the clinical environment are required.
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Conclusions

CARM compares favorably with consultant level medical judgements and in routine clinical care.  

CARM appears to have a promising role in supporting medical judgements in determining the patient’s 

risk of death in hospital. Further evaluation of CARM in practice is required.
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Boxplots for CARM versus medical judgement for patients who (A) discharged alive and (B) discharged 
deceased. 
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Receiver Operating Characteristic curve for CARM (c-statistic 0.75) and medical judgements (c- statistic 
0.72) 

Black line is for CARM and grey line is for medical judgement 

139x127mm (300 x 300 DPI) 
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Abstract 

Objective: To compare the performance of a validated automatic computer aided risk of mortality 

score (CARM) versus medical judgement in predicting the risk of in-hospital mortality for patients 

following emergency medical admission.

Method: Consecutive emergency admissions to an elderly care medical admissions ward in one 

hospital were assigned a risk of death at the first post take ward round by consultant staff over a two-

week period. The same admissions were subsequently assigned a risk of death using the CARM score, 

based on age, sex, vital signs and blood test results. The performance of the CARM versus consultant 

medical judgement was compared using the c-statistic and the positive predictive value (PPV).

Results: The in-hospital mortality was 31.8% (130/409).  For patients with complete blood test results, 

the c-statistic for CARM was 0.75 (95% CI 0.69 to 0.81) vs 0.72 (95% CI 0.66 to 0.78) for medical 

judgements (p=0.28). For patients with at least one missing blood test result the c-statistics were 

similar (medical judgements 0.70 (95%CI 0.60 to 0.81) vs CARM 0.70 (95%CI 0.59 to 0.80)). At a 10% 

mortality risk the PPV for CARM was higher than medical judgements in patients with complete blood 

test results 62.0% (95%CI 51.2 to 71.9) vs 49.2% (95%CI 39.8 to 58.5) but not when blood test results 

were missing 50.0% (95%CI 24.7 to 75.3) vs 53.3% (95%CI 34.3 to 71.7).

Conclusion: CARM is comparable with medical judgements in discriminating in-hospital mortality 

following emergency admission to an elderly care ward. CARM may have a promising role in 

supporting medical judgements in determining the patient’s risk of death in hospital. Further 

evaluation of CARM in routine practice is required.

Keywords: computer aided-risk score; medical judgement; mortality; emergency medical admission

Page 3 of 21

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

4

Article Summary

 This study compares a novel computer-aided risk of mortality (CARM) score versus medical 
judgement in predicting the risk of in-hospital mortality. CARM uses the patient’s age, sex, 
vital signs and blood test results.

 Consecutive emergency admissions to an elderly care ward in one hospital were assigned a 
risk of death at the first post take ward round by consultant staff.

 We then compared the performance of CARM with consultant estimates of the patient’s risk 
of dying in-hospital using the c-statistic

 For patients with complete blood test results CARM (c statistic 0.75) was comparable with 
medical judgment (c-statistic 0.72).

 For a ¼ of admissions with one or more blood test missing CARM (c statistic 0.70) was similar 
to medical judgment (c-statistic 0.70) with imputed blood test results.
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Introduction

Over the past few decades, numerous scoring systems have been developed to estimate the risk of 

mortality in hospital settings including intensive care medicine emergency medicine [1] and to a lesser 

extent general medical wards [2].  Despite the preponderance of scoring systems, systematic reviews 

[2] have highlighted a lack robust evaluation of risk scoring systems and only a few studies [3–5] have 

assessed the their accuracy versus medical judgements in routine clinical settings. This is important 

because if the risk score is found not to perform well when compared to medical judgements, this 

would call into question the benefit of using the score in routine clinical practice. In a review of 12 

studies in intensive care, Sinuff et al [6] found that physicians were better able to discriminate 

between survivors and non-survivors than scoring systems in the first 24 hours of admission.  However 

one of their included studies [4] found that for patients at the extremes of risk of deterioration, 

clinicians outperformed scoring systems when assessing these patients but when assessing the “in-

between” group of patients, scoring systems were better than clinical judgement [4].

We recently developed a computer aided risk of in-hospital mortality (CARM) score, which combines 

age, sex, vital signs (based on National Early Warning Score (NEWS) [7]) and seven blood test results 

for emergency medical admissions [8]. A key design feature of CARM is that it uses data which is 

already collected as part of the process of care and so places no additional data collection burden on 

clinicians. Furthermore, CARM is intended for computerised implementation and is not suited to 

pencil and paper methods because the underlying equation is not simple [9] as it involves 22 

covariates with and without transformations and interaction effects. Nonetheless it is important to 

note that CARM is intended to support, not displace, clinical judgment but the extent to which it can 

support the clinical decision-making process in practice remains unknown. So, as part of the on-going 

evaluation of CARM we set out to compare the performance of CARM versus medical judgements in 

estimating the risk of in-hospital mortality in consecutive emergency admissions to elderly care wards 

in one hospital over a two-week period.
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Methods

Setting & data 

Our cohort of elderly medical admissions is from York Hospital (managed by York Teaching Hospitals 

NHS Foundation Trust) which has approximately 700 beds. It has been exclusively using electronic 

NEWS scoring since 2013 as part of their in-house electronic patient record systems. Consecutive 

admissions to an elderly care medical admissions ward in this hospital were assigned a risk of death 

at the first post take ward round by consultant medical staff over a two-week period (February 05, 

2017 to February 20, 2017).  The medical staff did not have access to the CARM score during the data 

collection exercise. The same admissions were subsequently assigned a risk of death using the CARM 

score, based on their age, sex, vital signs (based on NEWS) and blood test results [8]. For each 

admission, we obtained the patient’s age, sex (male/female), admission and discharge date and time, 

AKI score, electronic National Early Warning Score (NEWS) (including its subcomponent vital signs 

data), and seven blood test results (albumin, creatinine, haemoglobin, potassium, sodium, urea, and 

white cell count), although not all patients have all seven blood tests. To derive a CARM score for 

patients with missing blood test results we imputed population-based age-sex median values. The 

reason for missing blood tests was that they were not ordered by the medical staff.

Statistical Analysis

The performance of CARM versus medical judgement was assessed by comparing risk estimates using 

boxplots. The discrimination of CARM and medical judgements was quantified by the area under the 

Receiver-Operating Characteristic (ROC) curve or c-statistic  [10]. In general, values less than 0.7 are 

considered to show poor discrimination, values of 0.7 to 0.8 can be described as reasonable, and 

values above 0.8 suggest good discrimination [11]. We compared the c-statistic for CARM and medical 

judgement using DeLong’s test [12]. 

We determined the sensitivity, specificity, positive and negative predictive values, and positive and 

negative likelihood ratios for CARM and compared this with medical judgement scores using 
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probability thresholds from a NEWS only model for NEWS scores from 1 to 5.  The cut-off of NEWS at 

5 is the recommended threshold for escalation of care [13,14]. We have also reported the geometric 

mean of sensitivity and specificity [15]. 

All analyses were undertaken in STATA [16] and R [17] using rms [18] and pROC [19] packages.

Ethical approval

This study received ethical approval from The Yorkshire & Humberside Leeds West Research Ethics 

Committee on 17 September 2015 (ref. 173753) with NHS management permissions received January 

2016.

Patient and Public Involvement

A workshop with a patient and service user group, linked to the University of Bradford, was involved 

at the start of this project to co-design the agenda for the patient and staff focus groups which were 

subsequently held at each hospital site. Patients were invited to attend the patient focus group 

through existing patient and public involvement groups. The criteria used for recruitment to these 

focus groups was any member of the public who had been a patient or carer in the last five years. The 

patient and public voice continued to be included throughout the project with three patient 

representatives invited to sit on the project steering group. Participants will be informed of the results 

of this study through the patient and public involvement leads at each hospital site and the project 

team have met with the Bradford Patient and Service User Group to discuss the results. 
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Data Sharing Statement

Our data sharing agreement with the York Hospital does not permit us to share this data with other 

parties. Nonetheless if anyone is interested in the data, then they should contact the Research and 

Development offices at York Hospital in the first instance.

Results

Cohort description

The study involved 409 emergency medical admissions to the elderly care wards in York Hospital. Of 

these 300 (73.3%) had a full set of blood test and 109 (26.7%) had at least one blood test result 

missing (Table 1). The most frequent missing blood test was albumin (n=96). 

Characteristic Discharged 
alive (%)

Discharged 
deceased (%)

All (%) 

Total emergency medical admissions 279 130 409

Complete blood test results recorded (%) 202 (72.4) 98 (75.4) 300 (73.3)

At least one blood test result is not recorded (%) 77 (27.6) 32 (24.6) 109 (26.7)

Table 1 Pattern of missing blood test results in discharged alive/deceased elderly medical 
admissions

The in-hospital mortality was 31.8% (130/409). The age, sex, NEWS and blood test results profile is 

shown in Table 2. Compared with patients discharged alive, deceased patients were aged older, with 

lower albumin, haemoglobin and sodium values, and higher creatinine, potassium, white cell count 

and urea values. NEWS was higher in deceased patients compared with patients discharged alive, as 

were respiratory rate and pulse rate values.  The temperature, blood pressure and oxygen saturation 

values were lower in deceased patients.  Where blood test results were missing we imputed the age-

sex population median value which appeared to give more reasonable values for patients discharged 

alive than those who died (see imputed values in table 2 comparing imputed values with observed 

values). For example, the observed mean (n=313) for albumin is 36.7 for survivors vs 33.6 for non-

Page 8 of 21

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

9

survivors. However, the imputed means for albumin (n=96) were 36.8 for survivors and 36.7 for non-

survivors.

Characteristic Discharged alive Discharged deceased
N=409 279 130

Male (%) 123 (44.1) 68 (52.3)
Mean CARM Score (SD) 0.07 (0.07) 0.16 (0.16)

Mean Medical Judgement Risk Score (SD) 0.12 (0.14) 0.26 (0.25)
Mean NEWS (SD) 2 (2.0) 3.2 (3.2)

Alertness
Alert (%) 278 (99.6) 123 (94.6)
Pain (%) 0 (0.0) 3 (2.3)

Voice (%) 1 (0.4) 4 (3.1)
Unconscious (%) 0 (0.0) 0 (0.0)

AKI Score
0 (%) 271 (97.1) 122 (93.8)
1 (%) 5 (1.8) 5 (3.8)
2 (%) 2 (0.7) 2 (1.5)
3 (%) 1 (0.4) 1 (0.8)

Oxygen supplementation (%) 50 (17.9) 42 (32.3)
Mean Age [years] (SD) 84.4 (5.5) 86.7 (6.6)

Mean Respiratory rate [breaths per minute] (SD) 18.3 (2.9) 19.1 (4.4)
Mean Temperature [oC] (SD) 36.5 (0.7) 36.4 (0.8)

Mean Systolic pressure [mmHg] (SD) 135.8 (25) 124.1 (23.6)
Mean Diastolic pressure [mmHg] (SD) 71 (13.8) 68.2 (12.4)

Mean Pulse rate [beats per minute] (SD) 78.6 (16.4) 81.6 (18.3)
Mean % Oxygen saturation (SD) 96.1 (2) 95.5 (3.1)

Mean Albumin [g/L] (SD)
- no imputation (n=313) 36.7 (4.3) 33.6 (5.8)

- with imputation (n=96) ⱡ 36.8 (0.6) 36.7 (1.0)
Mean Creatinine [umol/L] (SD)

- no imputation (n=391) 103.3 (59.2) 118.7 (75.3)
- with imputation (n=18) ⱡ 91.7 (10.8) 88.7 (15.3)

Mean Haemoglobin [g/l] (SD)
- no imputation (n=391) 123.3 (20.4) 117.8 (17.7)

- with imputation (n=18) ⱡ 121.5 (4.4) 116.5 (5.0)
Mean Potassium [mmol/L] (SD)

- no imputation (n=367) 4.3 (0.5) 4.4 (0.6)
- with imputation (n=42) ⱡ 4.3 (0.1) 4.3 (0.1)

Mean Sodium [mmol/L] (SD)
- no imputation (n=383) 136.1 (4.5) 135.5 (5.7)

- with imputation (n=26) ⱡ 137.0 (0.4) 136.8 (0.4)
Mean White cell count [10^9 cells/L] (SD)

- no imputation (n=391) 10.4 (6.4) 11.8 (12.8)
- with imputation (n=18) ⱡ 9.2 (0.3) 9.25 (0.2)
Mean Urea [mmol/L] (SD)
- no imputation (n=391) 9.2 (5.3) 12.3 (8.9)

- with imputation (n=18) ⱡ 8.3 (0.8) 7.9 (1.4)

Table 2 Characteristics of all elderly medical admissions. 
ⱡ Imputed blood test results using age and sex specific population median values. 
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Comparison of CARM versus Medical Judgement

Figure 1 shows the estimated risk of in-hospital mortality using CARM versus medical judgements for 

patients who discharged alive and deceased. The mean estimated risk of in-hospital mortality for 

patients discharged alive was lower with CARM (0.07 SD=0.07) versus medical judgements (0.12 

SD=0.14). Likewise, for decreased patients, the risk estimates from CARM (0.16 SD=0.16) were lower 

than estimates from medical judgements (0.26 SD=0.25) (see Table 2). 

Figure 2 shows the ROC curve. The area under the ROC curve (c-statistic), was higher for CARM 0.75 

(95% CI 0.69 to 0.81) than for medical judgement 0.72 (95% CI 0.66 to 0.78) and were not statistically 

significant (p-value = 0.28). The area under the ROC curve was similar for admissions with at least one 

blood test result missing (see Table 3).

Imputation Medical Judgement
AUC 

(95% CI)

CARM 
AUC 

(95% CI)

p-value

Complete blood test results (N=300)
0.72

(0.66 to 0.78)
0.75

(0.69 to 0.81)
0.28

At least one blood test result is imputed 
(N=109)

0.70
(0.60 to 0.81)

0.70
(0.59 to 0.80)

0.86

Table 3 Comparing discrimination of Medical Judgement versus CARM in predicting the risk of in-
hospital mortality 
AUC, area under the curve; CARM, computer-aided risk score for in-hospital mortality.
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Table 4 shows the sensitivity, specificity, positive predictive value and negative predictive value for a 

selected range of NEWS values. For patients with complete blood test results (n=300), NEWS at 5 (the 

recommended escalation threshold), which is equivalent to a 10% risk of in-hospital mortality, medical 

judgement had a higher sensitivity 59.2% (95%CI 48.8 to 69.0) vs 58.2% (95%CI 47.8 to 68.1), lower 

specificity 70.3% (95%CI 63.5 to 76.5) vs 82.7% (95%CI 76.7 to 87.6), lower PPVs 49.2% (95%CI 39.8 to 

58.5)  vs 62.0% (95%CI 51.2 to 71.9) and a lower positive likelihood ratio (2 vs 3.4) than the CARM 

score.

For patients with at least one imputed blood test result (N=109), at a NEWS of 5 medical judgement 

had a higher sensitivity 50.0% (95%CI 31.9 to 68.1) vs 25.0% (95%CI 11.5 to 43.4), lower specificity 

81.8% (95%CI 71.4 to 89.7) vs 89.6% (95%CI 80.6 to 95.4), higher PPVs 53.3% (95%CI 34.3 to 71.7) vs 

50.0%  (95%CI 24.7 to 75.3) and higher positive likelihood ratios (2.8 vs 2.4).
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Medical Judgement CARM

NEWS

Predicted 
risk at 
NEWS 

thresholds N Sensitivity% Specificity% PPV NPV LR+ LR- GM% N Sensitivity% Specificity% PPV NPV LR+ LR- GM%

1 0.03 275 98.0
(92.8 to 99.8)

11.4
(7.4 to 16.6)

34.9
(29.3 to 40.9)

92.0
(74 to 99)

1.1
(1.0 to 1.2)

0.2
(0.0 to 0.7) 33.4 239 90.8

(83.3 to 95.7)
25.7

(19.9 to 32.3)
37.2

(31.1 to 43.7)
85.2

(73.8 to 93)
1.2

(1.1 to 1.4)
0.4

(0.2 to 0.7) 48.4

2 0.04 273 98.0
(92.8 to 99.8)

12.4
(8.2 to 17.7)

35.2
(29.5 to 41.1)

92.6
(75.7 to 99.1)

1.1
(1.1 to 1.2)

0.2
(0.0 to 0.7) 34.8 205 84.7

(76 to 91.2)
39.6

(32.8 to 46.7)
40.5

(33.7 to 47.5)
84.2

(75.3 to 90.9)
1.4

(1.2 to 1.6)
0.4

(0.2 to 0.6) 57.9

3 0.05 190 84.7
(76 to 91.2)

47.0
(40.0 to 54.2)

43.7
(36.5 to 51.1)

86.4
(78.5 to 92.2)

1.6
(1.4 to 1.9)

0.3
(0.2 to 0.5) 63.1 168 79.6

(70.3 to 87.1)
55.4

(48.3 to 62.4)
46.4

(38.7 to 54.3)
84.8

(77.6 to 90.5)
1.8

(1.5 to 2.1)
0.4

(0.2 to 0.6) 66.4

4 0.08 186 83.7
(74.8 to 90.4)

48.5
(41.4 to 55.6)

44.1
(36.8 to 51.5)

86.0
(78.2 to 91.8)

1.6
(1.4 to 1.9)

0.3
(0.2 to 0.5) 63.7 126 65.3

(55.0 to 74.6)
69.3

(62.4 to 75.6)
50.8

(41.7 to 59.8)
80.5

(73.8 to 86.1)
2.1

(1.7 to 2.7)
0.5

(0.4 to 0.7) 67.3

Complete 
Blood test 

results 
N=300

5 0.10 118 59.2
(48.8 to 69.0)

70.3
(63.5 to 76.5)

49.2
(39.8 to 58.5)

78.0
(71.3 to 83.8)

2.0
(1.5 to 2.6)

0.6
(0.5 to 0.7) 64.5 92 58.2

(47.8 to 68.1)
82.7

(76.7 to 87.6)
62.0

(51.2 to 71.9)
80.3

(74.2 to 85.5)
3.4

(2.4 to 4.7)
0.5

(0.4 to 0.6) 69.3

1 0.03 89 93.8
(79.2 to 99.2)

23.4
(14.5 to 34.4)

33.7
(24.0 to 44.5)

90.0
(68.3 to 98.8)

1.2
(1.1 to 1.4)

0.3
(0.1 to 1.1) 46.8 83 90.6

(75.0 to 98.0)
29.9

(20.0 to 41.4)
34.9

(24.8 to 46.2)
88.5

(69.8 to 97.6)
1.3

(1.1 to 1.6)
0.3

(0.1 to 1.0) 52.0

2 0.04 88 93.8
(79.2 to 99.2)

24.7
(15.6 to 35.8)

34.1
(24.3 to 45)

90.5
(69.6 to 98.8)

1.2
(1.1 to 1.5)

0.3
(0.1 to 1.0) 48.1 63 75.0

(56.6 to 88.5)
49.4

(37.8 to 61.0)
38.1

(26.1 to 51.2)
82.6

(68.6 to 92.2)
1.5

(1.1 to 2.0)
0.5

(0.3 to 1.0) 60.8

3 0.05 59 68.8
(50.0 to 83.9)

51.9
(40.3 to 63.5)

37.3
(25.0 to 50.9)

80.0
(66.3 to 90.0)

1.4
(1.0 to 2.0)

0.6
(0.3 to 1.0) 59.8 47 62.5

(43.7 to 78.9)
64.9

(53.2 to 75.5)
42.6

(28.3 to 57.8)
80.6

(68.6 to 89.6)
1.8

(1.2 to 2.7)
0.6

(0.4 to 0.9) 63.7

4 0.08 59 68.8
(50.0 to 83.9)

51.9
(40.3 to 63.5)

37.3
(25.0 to 50.9)

80.0
(66.3 to 90.0)

1.4
(1.0 to 2.0)

0.6
(0.3 to 1.0) 59.8 30 40.6

(23.7 to 59.4)
77.9

(67.0 to 86.6)
43.3

(25.5 to 62.6)
75.9

(65 to 84.9)
1.8

(1.0 to 3.3)
0.8

(0.6 to 1.0) 56.3

At least one 
blood test 

result is 
imputed 
N=109

5 0.10 30 50.0
(31.9 to 68.1)

81.8
(71.4 to 89.7)

53.3
(34.3 to 71.7)

79.7
(69.2 to 88.0)

2.8
(1.5 to 4.9)

0.6
(0.4 to 0.9) 64.0 16 25.0

(11.5 to 43.4)
89.6

(80.6 to 95.4)
50.0

(24.7 to 75.3)
74.2

(64.1 to 82.7)
2.4

(1.0 to 5.9)
0.8

(0.7 to 1.0) 47.3

Table 4 Performance of CARM versus medical judgement with/without imputation in predicting the risk in-hospital mortality at NEWS thresholds (1, 2, 3, 4, 5) 

PPV=Positive Predictive Value; NPV= Negative Predictive Value; LR+=Positive Likelihood Ratio; LR-=Negative Likelihood Ratio; GM=geometric mean.
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Discussion

In this study, we assessed the accuracy of CARM versus medical judgements in consecutive emergency 

admissions to the elderly care ward over a two-week period. We found for patients with complete 

blood test results, the c-statistic for CARM was 0.75 vs 0.72 for medical judgements (p=0.28). For 

patients with at least one missing blood test result the c-statistics were lower but still similar (medical 

judgements 0.70 vs CARM 0.70). At a 10% mortality risk the PPV for CARM was higher than medical 

judgements in patients with complete blood test results (62.0% vs 49.2%) but not when blood test 

results were missing (50.0% vs 53.3%).

Overall, when comparing CARM with medical judgements, no significant differences in AUC were 

found.  These findings are remarkable because, unlike medical judgements, CARM relies exclusively 

on routinely collected data based primarily on the patients’ age, vital signs and blood test results 

without having any disease labels or clinical history. Furthermore, where blood tests are being 

imputed CARS and medical judgements are less able to discriminate mortality. Whilst this is to be 

expected for CARM because we use a population median imputation strategy, which is biased towards 

survivors, the reasons for lower c-statistics for medical judgements is less clear. It would suggest that 

these patients (with one or more missing blood test results) are more challenging to assess for the 

medical staff although the underlying reasons are not clear.

Our findings are in line with other studies, which also found no significant differences between ROC 

curves for APACHE2 and clinical staff [20]. However, a study reported that the clinical assessment had 

an overall accuracy of 95.2% versus 90.9% for APACHE2 [3]. Other studies have also failed to show an 

advantage for the APACHE2 model when compared to medical judgements by the clinicians [4,5,21]. 

Another study found that physicians were significantly better in predicting outcome in a medical 

intensive care unit  than APACHE [22]. One study concluded that physicians' clinical judgement could 

differ from scoring systems enough to account for large differences in expected outcomes [21].
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It is important to note that we have designed CARM to support the medical decision-making process, 

not replace it, without placing any additional data collection burden on staff. The CARM risk prediction 

can also be made available as soon as the physiological observations and blood test results are 

available and prior to the consultant review which may be of assistance to more junior staff. CARM 

was developed using all adult non-elective medical and elderly care admissions to in one hospital and 

externally validated in another hospital [8].

The overall mortality was 5% in the study population in which the CARM risk predictor was developed. 

The overall mortality in this patient cohort is high and it is worth noting that patients had already been 

streamed (selected) as requiring in-patient admission as direct admission from GP or via the 

emergency department. Thus, the pre-test probability of mortality is different to original study 

population yet the CARM risk predictor still performs reasonably well in this population.

Our study has several limitations. This study provides a snapshot of the use of CARM in a hospital over 

a short period and the extent to which our findings generalise to patients over a longer time period 

and to other wards and hospitals requires further study. Although CARM is designed to be automated, 

we note that for 26% of patients were unable to derive the CARM score because of no or incomplete 

blood test results and the most frequent missing blood test result was albumin. Although we adopted 

a median imputation strategy the extent to which this is acceptable in routine clinical practice remains 

unknown especially as this imputation strategy is biased towards survivors and so will underestimate 

the true risk of dying for those who are likely to die. So further study is required to understand the 

issue of missing blood test results and how to address it in routine clinical practice. One possibility is 

that there may be an unintended increase in the use of blood test results in patients where blood test 

would not ordinarily be undertaken to simply provide a CARM score. Crucially how the medical 

decision-making process is modified by the availably or CARM and the extent to which it enhances 

situational awareness and subsequently enhances the quality of care without adverse unintended 

consequences remains to be seen.
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Conclusions

CARM is comparable with medical judgements in predicting in-hospital mortality following emergency 

admission to an elderly care ward. CARM may have a promising role in supporting medical judgements 

in determining the patient’s risk of death in hospital. Further evaluation of CARM in routine practice 

is required.
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Figure 1: Comparison of medical judgement versus CARM in predicting risk of mortality 
for patients who (A) discharged alive and (B) discharged deceased.

(A1/B1) Complete blood test results (N=300); (A2/B2) At least one blood test result is imputed (N=109)

Figure 2: Receiver Operating Characteristic curve for CARM and medical judgements with/ 
without imputed blood test results.

(A) Complete blood test results (N=300); (B) At least one blood test result is imputed (N=109)
Black line is for CARM and grey line is for medical judgement 
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Receiver Operating Characteristic curve for CARM and medical judgements with/ without imputed blood test 
results. 

(A) Complete blood test results (N=300); (B) At least one blood test result is imputed (N=109) 
Black line is for CARM and grey line is for medical judgement 
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STROBE Statement—checklist of items that should be included in reports of observational studies
Item 
No

Recommendation Pager 
number 

and 
comment 

(a) Indicate the study’s design with a commonly used term in the title or the 
abstract

1Title and abstract 1

(b) Provide in the abstract an informative and balanced summary of what was 
done and what was found 

3-4 

Introduction
Background/rationale 2 Explain the scientific background and rationale for the investigation being 

reported
5

Objectives 3 State specific objectives, including any prespecified hypotheses 5

Methods
Study design 4 Present key elements of study design early in the paper 6 
Setting 5 Describe the setting, locations, and relevant dates, including periods of 

recruitment, exposure, follow-up, and data collection
6

(a) Cohort study—Give the eligibility criteria, and the sources and methods of 
selection of participants. Describe methods of follow-up
Case-control study—Give the eligibility criteria, and the sources and methods 
of case ascertainment and control selection. Give the rationale for the choice 
of cases and controls
Cross-sectional study—Give the eligibility criteria, and the sources and 
methods of selection of participants

6Participants 6

(b) Cohort study—For matched studies, give matching criteria and number of 
exposed and unexposed
Case-control study—For matched studies, give matching criteria and the 
number of controls per case

NA

Variables 7 Clearly define all outcomes, exposures, predictors, potential confounders, and 
effect modifiers. Give diagnostic criteria, if applicable

6

Data sources/ 
measurement

8*  For each variable of interest, give sources of data and details of methods of 
assessment (measurement). Describe comparability of assessment methods if 
there is more than one group

6

Bias 9 Describe any efforts to address potential sources of bias 6
Study size 10 Explain how the study size was arrived at 6
Quantitative 
variables

11 Explain how quantitative variables were handled in the analyses. If applicable, 
describe which groupings were chosen and why

6

(a) Describe all statistical methods, including those used to control for 
confounding
(b) Describe any methods used to examine subgroups and interactions
(c) Explain how missing data were addressed 6
(d) Cohort study—If applicable, explain how loss to follow-up was addressed
Case-control study—If applicable, explain how matching of cases and 
controls was addressed
Cross-sectional study—If applicable, describe analytical methods taking 
account of sampling strategy

NA

Statistical methods 12

(e) Describe any sensitivity analyses 6
Continued on next page
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Results
(a) Report numbers of individuals at each stage of study—eg numbers 
potentially eligible, examined for eligibility, confirmed eligible, included in 
the study, completing follow-up, and analysed

8 (see table 1)

(b) Give reasons for non-participation at each stage 8

Participants 13*

(c) Consider use of a flow diagram NA
(a) Give characteristics of study participants (eg demographic, clinical, 
social) and information on exposures and potential confounders

9 (see table 2)

(b) Indicate number of participants with missing data for each variable of 
interest

9

Descriptive 
data

14*

(c) Cohort study—Summarise follow-up time (eg, average and total amount) NA
Cohort study—Report numbers of outcome events or summary measures 
over time

NA

Case-control study—Report numbers in each exposure category, or summary 
measures of exposure

NA

Outcome data 15*

Cross-sectional study—Report numbers of outcome events or summary 
measures

9 (table 2)

(a) Give unadjusted estimates and, if applicable, confounder-adjusted 
estimates and their precision (eg, 95% confidence interval). Make clear 
which confounders were adjusted for and why they were included

NA

(b) Report category boundaries when continuous variables were categorized NA

Main results 16

(c) If relevant, consider translating estimates of relative risk into absolute risk 
for a meaningful time period

NA

Other analyses 17 Report other analyses done—eg analyses of subgroups and interactions, and 
sensitivity analyses

10-12

Discussion
Key results 18 Summarise key results with reference to study objectives 13
Limitations 19 Discuss limitations of the study, taking into account sources of potential bias 

or imprecision. Discuss both direction and magnitude of any potential bias
13-14

Interpretation 20 Give a cautious overall interpretation of results considering objectives, 
limitations, multiplicity of analyses, results from similar studies, and other 
relevant evidence

13-14

Generalisability 21 Discuss the generalisability (external validity) of the study results 13-14

Other information
Funding 22 Give the source of funding and the role of the funders for the present study 

and, if applicable, for the original study on which the present article is based
15

*Give information separately for cases and controls in case-control studies and, if applicable, for exposed and 
unexposed groups in cohort and cross-sectional studies.

Note: An Explanation and Elaboration article discusses each checklist item and gives methodological background and 
published examples of transparent reporting. The STROBE checklist is best used in conjunction with this article (freely 
available on the Web sites of PLoS Medicine at http://www.plosmedicine.org/, Annals of Internal Medicine at 
http://www.annals.org/, and Epidemiology at http://www.epidem.com/). Information on the STROBE Initiative is 
available at www.strobe-statement.org.
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Abstract 

Objectives: To compare the performance of a validated automatic computer aided risk of mortality 

score (CARM) versus medical judgement in predicting the risk of in-hospital mortality for patients 

following emergency medical admission.

Design: A prospective study 

Setting: Consecutive emergency medical admissions in York hospital 

Participants: Elderly medical admissions in one ward were assigned a risk of death at the first post 

take ward round by consultant staff over a two-week period. The consultant medical staff used the 

same variables to assign a risk of death to the patient as the CARM (age, sex, NEWS and blood test 

results) but also had access to the clinical history, examination findings and any immediately available 

investigations such as electrocardiograms (ECGs). The performance of the CARM versus consultant 

medical judgement was compared using the c-statistic and the positive predictive value (PPV).

Results: The in-hospital mortality was 31.8% (130/409).  For patients with complete blood test results, 

the c-statistic for CARM was 0.75 (95% CI 0.69 to 0.81) vs 0.72 (95% CI 0.66 to 0.78) for medical 

judgements (p=0.28). For patients with at least one missing blood test result the c-statistics were 

similar (medical judgements 0.70 (95%CI 0.60 to 0.81) vs CARM 0.70 (95%CI 0.59 to 0.80)). At a 10% 

mortality risk the PPV for CARM was higher than medical judgements in patients with complete blood 

test results 62.0% (95%CI 51.2 to 71.9) vs 49.2% (95%CI 39.8 to 58.5) but not when blood test results 

were missing 50.0% (95%CI 24.7 to 75.3) vs 53.3% (95%CI 34.3 to 71.7).

Conclusions: CARM is comparable with medical judgements in discriminating in-hospital mortality 

following emergency admission to an elderly care ward. CARM may have a promising role in 

supporting medical judgements in determining the patient’s risk of death in hospital. Further 

evaluation of CARM in routine practice is required.

Keywords: computer aided-risk score; medical judgement; mortality; emergency medical admission

Page 3 of 22

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For peer review only

4

Article Summary
Strengths and limitations

 This study compares a novel computer-aided risk of mortality (CARM) score versus medical 
judgement in predicting the risk of in-hospital mortality. 

 Consecutive emergency admissions to an elderly care ward in one hospital were assigned a 
risk of death at the first post take ward round by consultant staff.

 The consultant medical staff used the same variables to assign a risk of death to the patient 
as the CARM (age, sex, NEWS and blood test results) but also had access to the clinical 
history, examination findings and any immediately available investigations such as 
electrocardiograms (ECGs).

 For a ¼ of admissions with one or more blood test missing CARM was similar to medical 
judgment with imputed blood test results.
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Introduction

Over the past few decades, numerous scoring systems have been developed to estimate the risk of 

mortality in hospital settings including intensive care medicine emergency medicine [1] and to a lesser 

extent general medical wards [2].  Despite the preponderance of scoring systems, systematic reviews 

[2] have highlighted a lack robust evaluation of risk scoring systems and only a few studies [3–5] have 

assessed the their accuracy versus medical judgements in routine clinical settings. This is important 

because if the risk score is found not to perform well when compared to medical judgements, this 

would call into question the benefit of using the score in routine clinical practice. In a review of 12 

studies in intensive care, Sinuff et al [6] found that physicians were better able to discriminate 

between survivors and non-survivors than scoring systems in the first 24 hours of admission.  However 

one of their included studies [4] found that for patients at the extremes of risk of deterioration, 

clinicians outperformed scoring systems when assessing these patients but when assessing the “in-

between” group of patients, scoring systems were better than clinical judgement [4].

We recently developed a computer aided risk of in-hospital mortality (CARM) score, which combines 

age, sex, vital signs (based on National Early Warning Score (NEWS) [7]) and seven blood test results 

for emergency medical admissions [8]. A key design feature of CARM is that it uses data which is 

already collected as part of the process of care and so places no additional data collection burden on 

clinicians. Furthermore, CARM is intended for computerised implementation and is not suited to 

pencil and paper methods because the underlying equation is not simple [9] as it involves 22 

covariates with and without transformations and interaction effects. Nonetheless it is important to 

note that CARM is intended to support, not displace, clinical judgment but the extent to which it can 

support the clinical decision-making process in practice remains unknown. So, as part of the on-going 

evaluation of CARM we set out to compare the performance of CARM versus medical judgements in 

estimating the risk of in-hospital mortality in consecutive emergency admissions to elderly care wards 

in one hospital over a two-week period.
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Methods

Setting & data 

Our cohort of elderly medical admissions is from York Hospital (managed by York Teaching Hospitals 

NHS Foundation Trust) which has approximately 700 beds. It has been exclusively using electronic 

NEWS scoring since 2013 as part of their in-house electronic patient record systems. Consecutive 

admissions to an elderly care medical admissions ward in this hospital were assigned a risk of death 

at the first post take ward round by consultant medical staff over a two-week period (February 05, 

2017 to February 20, 2017).  The consultant medical staff used the same variables to assign a risk of 

death to the patient as the CARM (age, sex, NEWS and blood test results) [8] but also had access to 

the clinical history, examination findings and any immediately available investigations such as 

electrocardiograms (ECGs). Both, CARM and medical judgements had access to the same physiological 

and pathological variables. The medical staff did not have access to the CARM score during the data 

collection exercise. For each admission, we obtained the patient’s age, sex (male/female), admission 

and discharge date and time, AKI score, electronic National Early Warning Score (NEWS) (including its 

subcomponent vital signs data), and seven blood test results (albumin, creatinine, haemoglobin, 

potassium, sodium, urea, and white cell count), although not all patients have all seven blood tests. 

To derive a CARM score for patients with missing blood test results we imputed population-based age-

sex median values. The reason for missing blood tests was that they were not ordered by the medical 

staff.

Statistical Analysis

The performance of CARM versus medical judgement was assessed by comparing risk estimates using 

boxplots. The discrimination of CARM and medical judgements was quantified by the area under the 

Receiver-Operating Characteristic (ROC) curve or c-statistic  [10]. In general, values less than 0.7 are 

considered to show poor discrimination, values of 0.7 to 0.8 can be described as reasonable, and 
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values above 0.8 suggest good discrimination [11]. We compared the c-statistic for CARM and medical 

judgement using DeLong’s test [12]. 

We determined the sensitivity, specificity, positive and negative predictive values, and positive and 

negative likelihood ratios for CARM and compared this with medical judgement scores using 

probability thresholds from a NEWS only model for NEWS scores from 1 to 5.  The cut-off of NEWS at 

5 is the recommended threshold for escalation of care [13,14]. We have also reported the geometric 

mean of sensitivity and specificity [15]. 

All analyses were undertaken in STATA [16] and R [17] using rms [18] and pROC [19] packages.

Ethical approval

This study received ethical approval from The Yorkshire & Humberside Leeds West Research Ethics 

Committee on 17 September 2015 (ref. 173753) with NHS management permissions received January 

2016.

Patient and Public Involvement

A workshop with a patient and service user group, linked to the University of Bradford, was involved 

at the start of this project to co-design the agenda for the patient and staff focus groups which were 

subsequently held at each hospital site. Patients were invited to attend the patient focus group 

through existing patient and public involvement groups. The criteria used for recruitment to these 

focus groups was any member of the public who had been a patient or carer in the last five years. The 

patient and public voice continued to be included throughout the project with three patient 

representatives invited to sit on the project steering group. Participants will be informed of the results 

of this study through the patient and public involvement leads at each hospital site and the project 

team have met with the Bradford Patient and Service User Group to discuss the results. 
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Results

Cohort description

The study involved 409 emergency medical admissions to the elderly care wards in York Hospital. Of 

these 300 (73.3%) had a full set of blood test and 109 (26.7%) had at least one blood test result 

missing (Table 1). The most frequent missing blood test was albumin (n=96). 

Characteristic Discharged 
alive (%)

Discharged 
deceased (%)

All (%) 

Total emergency medical admissions 279 130 409

Complete blood test results recorded (%) 202 (72.4) 98 (75.4) 300 (73.3)

At least one blood test result is not recorded (%) 77 (27.6) 32 (24.6) 109 (26.7)

Table 1 Pattern of missing blood test results in discharged alive/deceased elderly medical 
admissions

The in-hospital mortality was 31.8% (130/409). The age, sex, NEWS and blood test results profile is 

shown in Table 2. Compared with patients discharged alive, deceased patients were aged older, with 

lower albumin, haemoglobin and sodium values, and higher creatinine, potassium, white cell count 

and urea values. NEWS was higher in deceased patients compared with patients discharged alive, as 

were respiratory rate and pulse rate values.  The temperature, blood pressure and oxygen saturation 

values were lower in deceased patients.  Where blood test results were missing we imputed the age-

sex population median value which appeared to give more reasonable values for patients discharged 

alive than those who died (see imputed values in table 2 comparing imputed values with observed 

values). For example, the observed mean (n=313) for albumin is 36.7 for survivors vs 33.6 for non-

survivors. However, the imputed means for albumin (n=96) were 36.8 for survivors and 36.7 for non-

survivors.

Characteristic Discharged alive Discharged deceased
N=409 279 130

Male (%) 123 (44.1) 68 (52.3)
Mean CARM Score (SD) 0.07 (0.07) 0.16 (0.16)

Mean Medical Judgement Risk Score (SD) 0.12 (0.14) 0.26 (0.25)
Mean NEWS (SD) 2 (2.0) 3.2 (3.2)

Alertness
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Alert (%) 278 (99.6) 123 (94.6)
Pain (%) 0 (0.0) 3 (2.3)

Voice (%) 1 (0.4) 4 (3.1)
Unconscious (%) 0 (0.0) 0 (0.0)

AKI Score
0 (%) 271 (97.1) 122 (93.8)
1 (%) 5 (1.8) 5 (3.8)
2 (%) 2 (0.7) 2 (1.5)
3 (%) 1 (0.4) 1 (0.8)

Oxygen supplementation (%) 50 (17.9) 42 (32.3)
Mean Age [years] (SD) 84.4 (5.5) 86.7 (6.6)

Mean Respiratory rate [breaths per minute] (SD) 18.3 (2.9) 19.1 (4.4)
Mean Temperature [oC] (SD) 36.5 (0.7) 36.4 (0.8)

Mean Systolic pressure [mmHg] (SD) 135.8 (25) 124.1 (23.6)
Mean Diastolic pressure [mmHg] (SD) 71 (13.8) 68.2 (12.4)

Mean Pulse rate [beats per minute] (SD) 78.6 (16.4) 81.6 (18.3)
Mean % Oxygen saturation (SD) 96.1 (2) 95.5 (3.1)

Mean Albumin [g/L] (SD)
- no imputation (n=313) 36.7 (4.3) 33.6 (5.8)

- with imputation (n=96) ⱡ 36.8 (0.6) 36.7 (1.0)
Mean Creatinine [umol/L] (SD)

- no imputation (n=391) 103.3 (59.2) 118.7 (75.3)
- with imputation (n=18) ⱡ 91.7 (10.8) 88.7 (15.3)

Mean Haemoglobin [g/l] (SD)
- no imputation (n=391) 123.3 (20.4) 117.8 (17.7)

- with imputation (n=18) ⱡ 121.5 (4.4) 116.5 (5.0)
Mean Potassium [mmol/L] (SD)

- no imputation (n=367) 4.3 (0.5) 4.4 (0.6)
- with imputation (n=42) ⱡ 4.3 (0.1) 4.3 (0.1)

Mean Sodium [mmol/L] (SD)
- no imputation (n=383) 136.1 (4.5) 135.5 (5.7)

- with imputation (n=26) ⱡ 137.0 (0.4) 136.8 (0.4)
Mean White cell count [10^9 cells/L] (SD)

- no imputation (n=391) 10.4 (6.4) 11.8 (12.8)
- with imputation (n=18) ⱡ 9.2 (0.3) 9.25 (0.2)
Mean Urea [mmol/L] (SD)
- no imputation (n=391) 9.2 (5.3) 12.3 (8.9)

- with imputation (n=18) ⱡ 8.3 (0.8) 7.9 (1.4)

Table 2 Characteristics of all elderly medical admissions. 
ⱡ Imputed blood test results using age and sex specific population median values. 

Comparison of CARM versus Medical Judgement

Figure 1 shows the estimated risk of in-hospital mortality using CARM versus medical judgements for 

patients who discharged alive and deceased. The mean estimated risk of in-hospital mortality for 

patients discharged alive was lower with CARM (0.07 SD=0.07) versus medical judgements (0.12 
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SD=0.14). Likewise, for decreased patients, the risk estimates from CARM (0.16 SD=0.16) were lower 

than estimates from medical judgements (0.26 SD=0.25) (see Table 2). 

Figure 2 shows the ROC curve. The area under the ROC curve (c-statistic), was higher for CARM 0.75 

(95% CI 0.69 to 0.81) than for medical judgement 0.72 (95% CI 0.66 to 0.78) and were not statistically 

significant (p-value = 0.28). The area under the ROC curve was similar for admissions with at least one 

blood test result missing (see Table 3).

Imputation Medical Judgement
AUC 

(95% CI)

CARM 
AUC 

(95% CI)

p-value

Complete blood test results (N=300)
0.72

(0.66 to 0.78)
0.75

(0.69 to 0.81)
0.28

At least one blood test result is imputed 
(N=109)

0.70
(0.60 to 0.81)

0.70
(0.59 to 0.80)

0.86

Table 3 Comparing discrimination of Medical Judgement versus CARM in predicting the risk of in-
hospital mortality 
AUC, area under the curve; CARM, computer-aided risk score for in-hospital mortality.
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Table 4 shows the sensitivity, specificity, positive predictive value and negative predictive value for a 

selected range of NEWS values. For patients with complete blood test results (n=300), NEWS at 5 (the 

recommended escalation threshold), which is equivalent to a 10% risk of in-hospital mortality, medical 

judgement had a higher sensitivity 59.2% (95%CI 48.8 to 69.0) vs 58.2% (95%CI 47.8 to 68.1), lower 

specificity 70.3% (95%CI 63.5 to 76.5) vs 82.7% (95%CI 76.7 to 87.6), lower PPVs 49.2% (95%CI 39.8 to 

58.5)  vs 62.0% (95%CI 51.2 to 71.9) and a lower positive likelihood ratio (2 vs 3.4) than the CARM 

score.

For patients with at least one imputed blood test result (N=109), at a NEWS of 5 medical judgement 

had a higher sensitivity 50.0% (95%CI 31.9 to 68.1) vs 25.0% (95%CI 11.5 to 43.4), lower specificity 

81.8% (95%CI 71.4 to 89.7) vs 89.6% (95%CI 80.6 to 95.4), higher PPVs 53.3% (95%CI 34.3 to 71.7) vs 

50.0%  (95%CI 24.7 to 75.3) and higher positive likelihood ratios (2.8 vs 2.4).
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Medical Judgement CARM

NEWS

Predicted 
risk at 
NEWS 

thresholds N Sensitivity% Specificity% PPV NPV LR+ LR- GM% N Sensitivity% Specificity% PPV NPV LR+ LR- GM%

1 0.03 275 98.0
(92.8 to 99.8)

11.4
(7.4 to 16.6)

34.9
(29.3 to 40.9)

92.0
(74 to 99)

1.1
(1.0 to 1.2)

0.2
(0.0 to 0.7) 33.4 239 90.8

(83.3 to 95.7)
25.7

(19.9 to 32.3)
37.2

(31.1 to 43.7)
85.2

(73.8 to 93)
1.2

(1.1 to 1.4)
0.4

(0.2 to 0.7) 48.4

2 0.04 273 98.0
(92.8 to 99.8)

12.4
(8.2 to 17.7)

35.2
(29.5 to 41.1)

92.6
(75.7 to 99.1)

1.1
(1.1 to 1.2)

0.2
(0.0 to 0.7) 34.8 205 84.7

(76 to 91.2)
39.6

(32.8 to 46.7)
40.5

(33.7 to 47.5)
84.2

(75.3 to 90.9)
1.4

(1.2 to 1.6)
0.4

(0.2 to 0.6) 57.9

3 0.05 190 84.7
(76 to 91.2)

47.0
(40.0 to 54.2)

43.7
(36.5 to 51.1)

86.4
(78.5 to 92.2)

1.6
(1.4 to 1.9)

0.3
(0.2 to 0.5) 63.1 168 79.6

(70.3 to 87.1)
55.4

(48.3 to 62.4)
46.4

(38.7 to 54.3)
84.8

(77.6 to 90.5)
1.8

(1.5 to 2.1)
0.4

(0.2 to 0.6) 66.4

4 0.08 186 83.7
(74.8 to 90.4)

48.5
(41.4 to 55.6)

44.1
(36.8 to 51.5)

86.0
(78.2 to 91.8)

1.6
(1.4 to 1.9)

0.3
(0.2 to 0.5) 63.7 126 65.3

(55.0 to 74.6)
69.3

(62.4 to 75.6)
50.8

(41.7 to 59.8)
80.5

(73.8 to 86.1)
2.1

(1.7 to 2.7)
0.5

(0.4 to 0.7) 67.3

Complete 
Blood test 

results 
N=300

5 0.10 118 59.2
(48.8 to 69.0)

70.3
(63.5 to 76.5)

49.2
(39.8 to 58.5)

78.0
(71.3 to 83.8)

2.0
(1.5 to 2.6)

0.6
(0.5 to 0.7) 64.5 92 58.2

(47.8 to 68.1)
82.7

(76.7 to 87.6)
62.0

(51.2 to 71.9)
80.3

(74.2 to 85.5)
3.4

(2.4 to 4.7)
0.5

(0.4 to 0.6) 69.3

1 0.03 89 93.8
(79.2 to 99.2)

23.4
(14.5 to 34.4)

33.7
(24.0 to 44.5)

90.0
(68.3 to 98.8)

1.2
(1.1 to 1.4)

0.3
(0.1 to 1.1) 46.8 83 90.6

(75.0 to 98.0)
29.9

(20.0 to 41.4)
34.9

(24.8 to 46.2)
88.5

(69.8 to 97.6)
1.3

(1.1 to 1.6)
0.3

(0.1 to 1.0) 52.0

2 0.04 88 93.8
(79.2 to 99.2)

24.7
(15.6 to 35.8)

34.1
(24.3 to 45)

90.5
(69.6 to 98.8)

1.2
(1.1 to 1.5)

0.3
(0.1 to 1.0) 48.1 63 75.0

(56.6 to 88.5)
49.4

(37.8 to 61.0)
38.1

(26.1 to 51.2)
82.6

(68.6 to 92.2)
1.5

(1.1 to 2.0)
0.5

(0.3 to 1.0) 60.8

3 0.05 59 68.8
(50.0 to 83.9)

51.9
(40.3 to 63.5)

37.3
(25.0 to 50.9)

80.0
(66.3 to 90.0)

1.4
(1.0 to 2.0)

0.6
(0.3 to 1.0) 59.8 47 62.5

(43.7 to 78.9)
64.9

(53.2 to 75.5)
42.6

(28.3 to 57.8)
80.6

(68.6 to 89.6)
1.8

(1.2 to 2.7)
0.6

(0.4 to 0.9) 63.7

4 0.08 59 68.8
(50.0 to 83.9)

51.9
(40.3 to 63.5)

37.3
(25.0 to 50.9)

80.0
(66.3 to 90.0)

1.4
(1.0 to 2.0)

0.6
(0.3 to 1.0) 59.8 30 40.6

(23.7 to 59.4)
77.9

(67.0 to 86.6)
43.3

(25.5 to 62.6)
75.9

(65 to 84.9)
1.8

(1.0 to 3.3)
0.8

(0.6 to 1.0) 56.3

At least one 
blood test 

result is 
imputed 
N=109

5 0.10 30 50.0
(31.9 to 68.1)

81.8
(71.4 to 89.7)

53.3
(34.3 to 71.7)

79.7
(69.2 to 88.0)

2.8
(1.5 to 4.9)

0.6
(0.4 to 0.9) 64.0 16 25.0

(11.5 to 43.4)
89.6

(80.6 to 95.4)
50.0

(24.7 to 75.3)
74.2

(64.1 to 82.7)
2.4

(1.0 to 5.9)
0.8

(0.7 to 1.0) 47.3

Table 4 Performance of CARM versus medical judgement with/without imputation in predicting the risk in-hospital mortality at NEWS thresholds (1, 2, 3, 4, 5) 

PPV=Positive Predictive Value; NPV= Negative Predictive Value; LR+=Positive Likelihood Ratio; LR-=Negative Likelihood Ratio; GM=geometric mean.
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Discussion

In this study, we assessed the accuracy of CARM versus medical judgements in consecutive emergency 

admissions to the elderly care ward over a two-week period. We found for patients with complete 

blood test results, the c-statistic for CARM was 0.75 vs 0.72 for medical judgements (p=0.28). For 

patients with at least one missing blood test result the c-statistics were lower but still similar (medical 

judgements 0.70 vs CARM 0.70). At a 10% mortality risk the PPV for CARM was higher than medical 

judgements in patients with complete blood test results (62.0% vs 49.2%) but not when blood test 

results were missing (50.0% vs 53.3%).

Overall, when comparing CARM with medical judgements, no significant differences in AUC were 

found.  These findings are remarkable because, unlike medical judgements, CARM relies exclusively 

on routinely collected data based primarily on the patients’ age, vital signs and blood test results 

without having any disease labels or clinical history. Furthermore, where blood tests are being 

imputed CARS and medical judgements are less able to discriminate mortality. Whilst this is to be 

expected for CARM because we use a population median imputation strategy, which is biased towards 

survivors, the reasons for lower c-statistics for medical judgements is less clear. It would suggest that 

these patients (with one or more missing blood test results) are more challenging to assess for the 

medical staff although the underlying reasons are not clear.

Our findings are in line with other studies, which also found no significant differences between ROC 

curves for APACHE2 and clinical staff [20]. However, a study reported that the clinical assessment had 

an overall accuracy of 95.2% versus 90.9% for APACHE2 [3]. Other studies have also failed to show an 

advantage for the APACHE2 model when compared to medical judgements by the clinicians [4,5,21]. 

Another study found that physicians were significantly better in predicting outcome in a medical 

intensive care unit  than APACHE [22]. One study concluded that physicians' clinical judgement could 

differ from scoring systems enough to account for large differences in expected outcomes [21].
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It is important to note that we have designed CARM to support the medical decision-making process, 

not replace it, without placing any additional data collection burden on staff. The CARM risk prediction 

can also be made available as soon as the physiological observations and blood test results are 

available and prior to the consultant review which may be of assistance to more junior staff. CARM 

was developed using all adult non-elective medical and elderly care admissions to in one hospital and 

externally validated in another hospital [8].

The overall mortality was 5% in the study population in which the CARM risk predictor was developed. 

The overall mortality in this patient cohort is high and it is worth noting that patients had already been 

streamed (selected) as requiring in-patient admission as direct admission from GP or via the 

emergency department. Thus, the pre-test probability of mortality is different to original study 

population yet the CARM risk predictor still performs reasonably well in this population.

Our study has several limitations. This study provides a snapshot of the use of CARM in a hospital over 

a short period and the extent to which our findings generalise to patients over a longer time period 

and to other wards and hospitals requires further study. Although CARM is designed to be automated, 

we note that for 26% of patients were unable to derive the CARM score because of no or incomplete 

blood test results and the most frequent missing blood test result was albumin. Although we adopted 

a median imputation strategy the extent to which this is acceptable in routine clinical practice remains 

unknown especially as this imputation strategy is biased towards survivors and so will underestimate 

the true risk of dying for those who are likely to die. So further study is required to understand the 

issue of missing blood test results and how to address it in routine clinical practice. One possibility is 

that there may be an unintended increase in the use of blood test results in patients where blood test 

would not ordinarily be undertaken to simply provide a CARM score. Crucially how the medical 

decision-making process is modified by the availably or CARM and the extent to which it enhances 

situational awareness and subsequently enhances the quality of care without adverse unintended 

consequences remains to be seen.
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Conclusions

CARM is comparable with medical judgements in predicting in-hospital mortality following emergency 

admission to an elderly care ward. CARM may have a promising role in supporting medical judgements 

in determining the patient’s risk of death in hospital. Further evaluation of CARM in routine practice 

is required.
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Figure 1: Comparison of medical judgement versus CARM in predicting risk of mortality 
for patients who (A) discharged alive and (B) discharged deceased.

(A1/B1) Complete blood test results (N=300); (A2/B2) At least one blood test result is imputed (N=109)

Figure 2: Receiver Operating Characteristic curve for CARM and medical judgements with/ 
without imputed blood test results.

(A) Complete blood test results (N=300); (B) At least one blood test result is imputed (N=109)
Black line is for CARM and grey line is for medical judgement 
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Receiver Operating Characteristic curve for CARM and medical judgements with/ without imputed blood test 
results. 

(A) Complete blood test results (N=300); (B) At least one blood test result is imputed (N=109) 
Black line is for CARM and grey line is for medical judgement 
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STROBE Statement—checklist of items that should be included in reports of observational studies
Item 
No

Recommendation Pager 
number 

and 
comment 

(a) Indicate the study’s design with a commonly used term in the title or the 
abstract

1Title and abstract 1

(b) Provide in the abstract an informative and balanced summary of what was 
done and what was found 

3-4 

Introduction
Background/rationale 2 Explain the scientific background and rationale for the investigation being 

reported
5

Objectives 3 State specific objectives, including any prespecified hypotheses 5

Methods
Study design 4 Present key elements of study design early in the paper 6 
Setting 5 Describe the setting, locations, and relevant dates, including periods of 

recruitment, exposure, follow-up, and data collection
6

(a) Cohort study—Give the eligibility criteria, and the sources and methods of 
selection of participants. Describe methods of follow-up
Case-control study—Give the eligibility criteria, and the sources and methods 
of case ascertainment and control selection. Give the rationale for the choice 
of cases and controls
Cross-sectional study—Give the eligibility criteria, and the sources and 
methods of selection of participants

6Participants 6

(b) Cohort study—For matched studies, give matching criteria and number of 
exposed and unexposed
Case-control study—For matched studies, give matching criteria and the 
number of controls per case

NA

Variables 7 Clearly define all outcomes, exposures, predictors, potential confounders, and 
effect modifiers. Give diagnostic criteria, if applicable

6

Data sources/ 
measurement

8*  For each variable of interest, give sources of data and details of methods of 
assessment (measurement). Describe comparability of assessment methods if 
there is more than one group

6

Bias 9 Describe any efforts to address potential sources of bias 6
Study size 10 Explain how the study size was arrived at 6
Quantitative 
variables

11 Explain how quantitative variables were handled in the analyses. If applicable, 
describe which groupings were chosen and why

6

(a) Describe all statistical methods, including those used to control for 
confounding
(b) Describe any methods used to examine subgroups and interactions
(c) Explain how missing data were addressed 6
(d) Cohort study—If applicable, explain how loss to follow-up was addressed
Case-control study—If applicable, explain how matching of cases and 
controls was addressed
Cross-sectional study—If applicable, describe analytical methods taking 
account of sampling strategy

NA

Statistical methods 12

(e) Describe any sensitivity analyses 6
Continued on next page
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2

Results
(a) Report numbers of individuals at each stage of study—eg numbers 
potentially eligible, examined for eligibility, confirmed eligible, included in 
the study, completing follow-up, and analysed

8 (see table 1)

(b) Give reasons for non-participation at each stage 8

Participants 13*

(c) Consider use of a flow diagram NA
(a) Give characteristics of study participants (eg demographic, clinical, 
social) and information on exposures and potential confounders

9 (see table 2)

(b) Indicate number of participants with missing data for each variable of 
interest

9

Descriptive 
data

14*

(c) Cohort study—Summarise follow-up time (eg, average and total amount) NA
Cohort study—Report numbers of outcome events or summary measures 
over time

NA

Case-control study—Report numbers in each exposure category, or summary 
measures of exposure

NA

Outcome data 15*

Cross-sectional study—Report numbers of outcome events or summary 
measures

9 (table 2)

(a) Give unadjusted estimates and, if applicable, confounder-adjusted 
estimates and their precision (eg, 95% confidence interval). Make clear 
which confounders were adjusted for and why they were included

NA

(b) Report category boundaries when continuous variables were categorized NA

Main results 16

(c) If relevant, consider translating estimates of relative risk into absolute risk 
for a meaningful time period

NA

Other analyses 17 Report other analyses done—eg analyses of subgroups and interactions, and 
sensitivity analyses

10-12

Discussion
Key results 18 Summarise key results with reference to study objectives 13
Limitations 19 Discuss limitations of the study, taking into account sources of potential bias 

or imprecision. Discuss both direction and magnitude of any potential bias
13-14

Interpretation 20 Give a cautious overall interpretation of results considering objectives, 
limitations, multiplicity of analyses, results from similar studies, and other 
relevant evidence

13-14

Generalisability 21 Discuss the generalisability (external validity) of the study results 13-14

Other information
Funding 22 Give the source of funding and the role of the funders for the present study 

and, if applicable, for the original study on which the present article is based
15

*Give information separately for cases and controls in case-control studies and, if applicable, for exposed and 
unexposed groups in cohort and cross-sectional studies.

Note: An Explanation and Elaboration article discusses each checklist item and gives methodological background and 
published examples of transparent reporting. The STROBE checklist is best used in conjunction with this article (freely 
available on the Web sites of PLoS Medicine at http://www.plosmedicine.org/, Annals of Internal Medicine at 
http://www.annals.org/, and Epidemiology at http://www.epidem.com/). Information on the STROBE Initiative is 
available at www.strobe-statement.org.
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