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Aims Revascularization strategy for patients with ST-elevation myocardial infarction (STEMI) and multi-vessel disease varies ac-
cording to the patient’s cardiogenic shock status, but assessing shock acutely can be difficult. This article examines the
link between cardiogenic shock defined solely by a lactate of >2 mmol/L and mortality from complete vs. culprit-only re-
vascularization in this cohort.

Methods Patients presenting with STEMI, multi-vessel disease without severe left main stem stenosis and a lactate >2 mmol/L be-

and results tween 2011 and 2021 were included. The primary endpoint was mortality at 30 days by revascularization strategy for
shocked patients. Secondary endpoints were mortality at 1 year and over a median follow-up of 30 months. Four hundred
and eight patients presented in shock. Mortality in the shock cohort was 27.5% at 30 days. Complete revascularization (CR)
was associated with higher mortality at 30 days [odds ratio (OR) 2.1 (1.02—4.2), P =0.043], 1 year [OR 2.4 (1.2-4.9), P=
0.01], and over 30 months follow-up [hazard ratio (HR) 2.2 (1.4-3.4), P < 0.001] compared with culprit lesion-only percu-
taneous coronary intervention (CLOP). Mortality was again higher in the CR group after propensity matching (P =0.018)
and inverse probability treatment weighting [HR 2.0 (1.3-3.0), P = 0.001]. Furthermore, explainable machine learning de-
monstrated that CR was behind only blood gas parameters and creatinine levels in importance for predicting 30-day
mortality.

Conclusion In patients presenting with STEMI and multi-vessel disease in shock defined solely by a lactate of >2 mmol/L, CR is associated
with higher mortality than CLOP.
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Introduction

Applying the results of clinical trials to real-world practice can be chal-
lenging due to restrictive entry criteria or under-representation of cer-
tain patient groups." This difficulty is increased if relatively subtle
changes in the patient’s state place them in a different category that re-
quires alternative treatment approaches. The management of multi-
vessel disease in patients with ST-elevation myocardial infarction
(STEMI) is an important example of this scenario.

Non-shock patients presenting with STEMI and multi-vessel disease
benefit from complete revascularization (CR),>* even if the timing of
CR is debateable.* In contrast, patients presenting with acute coronary
syndromes and cardiogenic shock are harmed by performing CR,® and
these are guideline recommendations on both sides of the Atlantic.®’

However, applying these to a presenting STEMI patient can be diffi-
cult. For example, only 60% of patients in the seminal CULPRIT-
SHOCK were admitted with STEMI, and the subgroup analysis was
marginal for STEMI patients: the odds ratio (OR) upper limit was
0.99 for the composite endpoint of RRT and mortality at 30 days,
and not significant for mortality at 1 year.

More pertinently, shock trials are difficult to undertake because of
the dynamically unwell patients and hence the inclusion criteria are
necessarily prescriptive to ensure comparable enrolment across cen-
tres. This can paradoxically lead to both the inclusion of patients who
are not in cardiogenic shock and patients who are in deep shock re-
fractory to any intervention. Common criteria for enrolment include
any of: (i) systolic blood pressure <90 mmHg for 30 min or use of ca-
techolamines, (i) clinical signs of pulmonary congestion, (jii) altered
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mental status, (iv) cold and clammy skin, and (v) oliguria with urine
<30 mL/h, or (6) lactate >2 mmol/L.2

Some are hard to assess in the immediate throes of a myocardial in-
farction (e.g. oliguria), some can be subjective (clammy skin and altered
mental status), and some are operator-dependent (catecholamine ad-
ministration). The problem of applying criteria requiring a greater depth
of patient-level knowledge is exacerbated in the STEMI population
where expediency is valuable.

Furthermore, there is a need to define early shock clearly and unam-
biguously because patients in early shock (Society for Cardiovascular
Angiography and Interventions (SCAI) level B) often progress towards
SCAI D/E and can be helped at this stage. This cause has been tackled
by the Cardiogenic Shock Working Group (CSWG). Amongst other
definitions, SCAI-CSWG level B can be defined solely by a lactate
>2 mmol/L.° This is a simple and sensitive means of defining shock,
and a lactate of >2 mmol/L has been shown independently to predict
adverse outcomes.'® However, in large, randomized trials, only
two-thirds of patients had a lactate >2 mmol/L.2

Therefore, the aim of this study is to assess whether revascularization
strategy affects mortality in patients presenting with STEMI, multi-vessel
disease, and shock defined solely by a lactate of >2 mmol/L. If there is any
difference in mortality observed in relation to revascularization strategy,
then it reinforces the idea that using lactate as a single parameter can help
to guide the management of such patients in the acute setting.

Due to the potential for confounding in observational studies, we apply
a number of different methods to the shock cohort to examine this rela-
tionship further. These include multivariate analysis, propensity matching,
inverse probability treatment weighted analysis, and explainable machine
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learning. This is the first paper applying this method of explainable ma-
chine learning to study revascularization strategy in patients presenting
with cardiogenic shock, multi-vessel disease, and STEMI.

Methods
Study population and design

This was an observational study to determine associations between revas-
cularization strategy and mortality in patients presenting to Harefield
Hospital (Royal Brompton and Harefield Hospitals, Guy’s and St Thomas’
NHS Foundation Trust, London, UK) with STEMI, multi-vessel disease
and shock defined by lactate >2 mmol/L between 2011 and 2021.

Patients included in the studied shock population: (i) were aged >18
years, (ii) were admitted to Harefield Hospital with an acute STEMI be-
tween 1 January 2011 and 1 January 2021 and underwent primary percutan-
eous coronary intervention (PCI), (i) had multi-vessel disease as defined by
>70% stenosis in two or more epicardial coronary vessels, and (iv) had a
measured arterial lactate of >2 mmol/L prior to the index PCI. The study
flow chart is shown in Figure 1.

Exclusion criteria were patients presenting with (i) >50% left main stem
stenosis or (i) cardiac arrest with >30 min downtime.

Complete revascularization was defined as the revascularization of all se-
vere lesions during the index procedure. Patients who underwent staged
PCl to all lesions later during the index admission were not classified as
CR for the purposes of this study. All other patients were defined as culprit
lesion-only percutaneous coronary intervention (CLOP).

Clinical and outcome data
The clinical data were taken from routine audit fields mandate for every pa-
tient undergoing PCl at our institution. Laboratory and blood gas tests were

All eligible patients
presenting with STEMI
N = 7053

taken from our own hospital’s database. Survival data were obtained by link-
ing patients’ NHS numbers to the NHS spine, in collaboration with the
Office for National Statistics (ONS).

The primary endpoint was pre-assigned as mortality at 30 days.
Secondary endpoints include mortality at 1 year and throughout the follow-
up period (median 30 months).

Ethics

All patient-identifiable information was removed before analysis. Our local
audit office assigned institutional support for this project. As this was the
analysis of anonymized information taken from required audit data, we
were advised that no further ethical approval was required.

Statistical analysis

Univariate analysis was performed using Student’s t-test for comparing the
means of normally distributed data and Mann—Whitney U test if not nor-
mally distributed. Chi-squared and Fisher’s tests were used for categorical
data. Fisher’s exact test was used if the expected value in any group was
<5. Regression analysis was performed using binary logistic regression for
dichotomous outcome variables and Cox proportional hazards and
Kaplan—Meier curves for survival data, as appropriate.

Propensity matching was performed via nearest-neighbour matching
with a 1:1 ratio for the variables associated with both survival (via Cox re-
gression) and treatment choice. The matched cohort comprised 118 pa-
tients, 59 in each arm. The absolute standardized mean difference for all
matched variables and the propensity score between treatment groups
was <0.1, indicating good matching (Figure 2).

Inverse probability weighted analysis was carried out by incorporating in-
verse probability treatment weights into a Cox regression model. Inverse
probability weighted scores were calculated using the propensity scores
from the propensity-matched cohort above, and inverse probability
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Figure 1 Study flow chart. LMS, left main stem; MVD, multi-vessel disease; STEMI, ST-elevation myocardial infarction.
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Figure 2 Propensity matching statistics for shock cohort. ACS,
acute coronary syndrome, BE, base excess.

weighted scores (IPTW,) were calculated where IPTW, = 1/PS; for patients
who underwent CR and IPTW; is calculated as 1/(1 — PS;) for patients with
CLOP.

A weighted Cox regression was then performed using these IPTW, as
weights and age, pH, BE, creatinine, albumin, and ACS as covariates (as these
were associated with mortality in the original adjusted multivariate model).

Statistical significance was established at P < 0.05 (two-tailed) for all tests.
All data is reported according to the STrengthening the Reporting of
OBservational studies in Epidemiology (STROBE) guidelines."’

Machine learning model development

We developed seven machine learning models using the shock cohort to
predict 30-day mortality. These were decision trees, random forest, gradi-
ent boosting, extreme gradient boosting (XGBoost), support vector ma-
chines (SVM), logistic regression, and k-nearest neighbour. XGBoost has
emerged as a highly effective algorithm for classification problems and in-
volves using weak learners to boost training performance with regulariza-
tion to reduce over-fitting and is especially effective for sparse datasets.

The categorical data were first converted into numerical data using the
One Hot Encoding technique. Numerical features were then normalized
to a value between 0 and 1. We then applied random search with five-fold
cross-validation to optimize the hyperparameters. Final model evaluation
then was performed using these hyperparameters, again using five-fold
cross-validation to partition the data.

ML algorithms have been limited in their explanation of predictions by
being something of a ‘black box’. Recent advances in explainable ML have
led to the development of the unified SHapley Additive exPlanations
(SHAP) method." We then applied to SHAP to the best-performing model
to provide an explanation of important factors in predicting 30-day
mortality.

All calculations and statistical analysis were performed using R version
4.2.0 and Python version 3 (The Python Software Foundation) for machine
learning.

Results

Baseline characteristics
The studied shock cohort comprised 408 patients who presented with
STEMI, an arterial lactate >2 mmol/L, multi-vessel disease, and no sig-

nificant left main stem disease. Their baseline characteristics are shown
in Table 1.

Of the shock cohort of 408 patients, 74 (18.1%) underwent CR, the
remainder CLOP. One patient had three coronary vessels affected but
underwent PCl to only two vessels, and they were assigned to the
CLOP group.

Patients undergoing CR were more likely to be younger and less like-
ly to have had a previous myocardial infarction. However, the CR group
was more likely to have suffered a cardiac arrest and be ventilated prior
to the procedure, with corresponding higher levels of blood lactate and
more likely to be supported by extra-corporeal membranous oxygen-
ation (ECMO). The baseline characteristics univariate analysis between
treatment groups is shown in Table 1.

As a comparator group, the primary and secondary outcomes were
also assessed for a non-shock cohort of 1642 patients. The baseline
characteristics of the non-shock cohort are shown in
the Supplementary material online (Table S1).

Unadjusted outcome measures

The unadjusted 30-day mortality was 39.2% in the CR group vs. 27.5% in
the CLOP group (P = 0.007). Similarly, 1-year mortality was also higher in
the CR group at 47.3 vs. 33.8% in the CLOP group (Table 1, P =0.007)
(Table 2).

The overall mortality for the non-shocked comparator cohort was
3.6% at 30 days and 7.3% at 1 year. There was no significant difference
in mortality at either timepoint between either revascularization
strategy.

Adjusted outcome measures
Binary logistic regression for mortality at 30 days and 1 year
All factors that were significantly different between the groups on uni-
variate analysis were entered into a binary logistic regression using the
forward Wald method. Significant covariates were CR, age, lactate, ra-
dial access, and cardiac arrest prior to the procedure. When adjusted
for significant confounders, the mortality rate at 30 days and 1 year re-
mained higher with CR vs. CLOP [30 days: OR 2.1 (1.02-4.2), P = 0.043
and 1 year: OR 2.4 (1.2-4.9), P=0.01].

In contrast, in the non-shocked control group, there was no associ-
ation between CR and 30-day mortality [OR 1.2 (0.37-3.8), P=0.791]
nor 1-year mortality [OR 0.731 (0.264-2.0), P = 0.546].

Cox proportional hazards regression analysis in shocked
patients
Cox regression was performed for all covariates in Table 1 using a step-
wise conditional approach. All significant covariates were fed into the
final model. These were: CR, age, pH, base excess, creatinine, albumin,
and previous ACS. Complete revascularization was associated with
higher mortality over a median follow-up of 2.6 years [hazard ratio
(HR) 2.2 (95% confidence interval (Cl) 1.4-3.4), P < 0.001]. Using CR
as a covariate did not violate the proportional hazards assumption as
shown by the lack of correlation between Schoenfeld residuals and sur-
vival time (P =0.25).

There was no significant difference in survival by revascularization
strategy in the non-shocked cohort [HR 0.90 (95% CI 0.6-1.3), P=
0.577].

Propensity-matched analysis for shocked patients
Propensity matching was performed for the shock cohort via nearest-
neighbour matching with a 1:1 ratio for the variables associated with
both survival (via Cox regression) and treatment choice. The matched
cohort comprised 118 patients, 59 in each arm. The absolute standar-
dized mean difference for all matched variables and the propensity
score between treatment groups was <0.1, indicating good matching
(Figure 2).
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Table 1 Baseline characteristics and unadjusted outcomes for the shock cohort.

All patients (n = 408)

CR (n=74)

CLOP (n=334)

Patient factors
Age (years)
Male (n, %)
Previous ACS (n, %)
Previous PCI (n, %)
Diabetes (n, %)
HTN (n, %)

Hypercholesterolaemia (n

Current smoker (n, %)
Any smoking (n, %)
LVEF (%)

Systolic BP (mmHg)
Cardiac arrest (n, %)
OOHCA (n, %)
Ventilated (n, %)

Blood tests
pH
Lactate (mmol/L)
Albumin (g/dL)

BE (mmol/L)

Hb (g/L)

Creatinine (umol/L)
Troponin (ng/L)

Coronary anatomy
LAD all (n, %)
Proximal LAD (n, %)
Non-proximal LAD (n,
LCx (n, %)

RCA (n, %)
Vessels affected
2 (n, %)

3 (n, %)

Procedural characteristics
Radial access (n, %)
Impella (n, %)

ECMO (n, %)
GP 2b/3a (n, %)

Outcomes
Death at 30 days (n, %)
Death at 1 year (n, %)

%)

67.9 (133)
304 (74.5)
66 (16.2)
51 (125
119 (29.2
209 (51.2

, %) 130 (31.9

)
)
)
)
78 (19.1)
157 (42.5)
442 (12.4)
119.4 (31.3)
127 (31.1)
85 (20.8)
72 (17.6)

7.36 (0.1)
4.2 (3.1)
357 (6.2)
-4.4 (4.9)
1234 (36.5)
101.9 (50)
(

12813 (27 856)

346 (84.8)
241 (59.1)
223 (547)
255 (62.5)
335 (82.1)

288 (70.6)
120 (29.4)

267 (65.4)
6 (1.5)
8 (2.0)

170 (41.7)

112 (27.5)
138 (338)

63.9 (12.6)

56 (75.7)

6 (8.1)

3 (41)

(20.3)

6 (48.6)

(27.0)

9 (25.7)

32 (45.1)

468 (8.7)

117.1 (38.6)

30 (40.5)

7 (230)

25 (33.8)

7.34 01)
40
7.2

~5.1 )

117.6 (44.1)

1006 (37.8)

(
0(
346(
G
(

9715.1 (19.287)

61 (82.4)
46 (62.2)
37 (50.0)
47 (63.5)
50 (67.6)

64 (86.5)
10 (13.5)

39 (52.7)
4(54)
4(12)

35 (47.3)

29 (39.2)
35 (47.3)

688 (133)
248 (74.3)
60 (18.0)
48 (14.4)
104 (31.1)
173 (51.8)
110 (32.9)
59 (17.7)
125 (41.9)
439 (12.8)
119.9 (29.7)
97 (29.0)
68 (20.4)
47 (14.1)

737 (0.1)
0(29)
35.9 (6.0)
—43 (48)
1246 (34.5)
1022 (52.4)
(

133325 (29051)

285 (85.3)
195 (58.4)
186 (55.7)
208 (62.3)
285 (85.3)

224 (67.1)
110 32.9)

228 (68.3)
2(06)
4(54)

135 (40.4)

83 (24.9)
103 (30.8)

0.005
0.799
0.037
0.008
0.063
0.624
0.324
0.113
0.632
0.674
0.57
0.05
0.616
<0.001

0.167
0.012
0.286
0.252
0.478
0.729
0.875

0.53
0.55
0.374
0.842
<0.001
<0.001

0.011
0.01

0.039
0.278

0.012
0.007

ACS, acute coronary syndrome; PCl, percutaneous intervention, HTN = hypertension, OOHCA, out of hospital cardiac arrest, LVEF, left ventricular ejection fraction; LAD, left anterior
descending artery; LCx, left circumflex; RCA, right coronary artery; BP, blood pressure; Hb, haemoglobin; ECMO, extra corporeal membrane oxygenation; Continuous variables are
presented as the mean (SD), categorical as count (percentage).

Basic unadjusted statistics for the propensity match group again
showed increased mortality in the CR group at both 30 days (42.3
vs. 23.7%, P=0.031) and 1 year (45.8 vs. 27.1%, P = 0.035).

Survival was significantly worse in the CR group via the Kaplan—Meier
method (x* 5.581, P = 0.018, Figure 3). Double robust logistic regression

models using PS; as a covariate showed increased mortality at 30 days
(OR 2.5, 95% Cl 1.1-5.6; P=0.031) and 1 year in the CR group
(OR 2.4, 95% ClI 1.1-5.2; P=0.036).

Cox proportional hazards regression incorporating PS; and CR
showed similar findings with significantly increased chance of dying
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throughout the follow-up period in the CR cohort (HR 2.0, 95% CI 1.1—
3.6, P=0.02).

Inverse probability weighted analysis for shocked patients
Inverse probability weighted analysis was carried out by incorporating
inverse probability treatment weights into a Cox regression model.
Complete revascularization was again associated with increased mortality
over the duration of follow-up (HR 2.0, 95% Cl 1.3-3.0; P=0.001). The
results of the adjusted and matched analyses are summarized in Figure 4.

Explainable machine learning algorithms for shocked
patients

Seven machine learning algorithms were applied to the data with the
aim of predicting 30-day mortality (Table 2). The best-performing al-
gorithm was XGBoost in terms of F1 score, area under the curve, and

Table 2 Performance of machine learning algorithms
for predicting 30-day mortality

Model name F1 ROC AUC  Recall Brier score
XGBoost 065 078 0.84 0.25
SVM 064 075 0.63 0.19
Decision tree 059 072 0.61 0.23
Gradient boosting 058 072 0.56 0.22
Logistic regression ~ 0.58  0.71 0.51 0.21
Random forest 0.55 0.69 0.46 0.20
KNN 027 055 0.20 0.29

F1 score is the harmonic mean of the precision (positive predictive value) and the recall
(sensitivity), where higher scores are better. ROC AUC, receiver operator
characteristic area under the curve, which is a marker of discrimination between
classes and higher scores are preferable. The Brier score is a marker of calibration
and discrimination, where lower scores are better.

KNN, k-nearest neighbours; SVM, support vector machines.

== Culprit Lesion only PCI

recall. However, the main aim of this analysis was not to build an ac-
curate model to predict 30-day mortality in this cohort per se, but ra-
ther to see which factors contributed to the mortality prediction.

The contribution of each variable to the model is shown in Figure 5.
These contributions are calculated using the SHapley Additive
exPlanations (SHAP) method."”> Complete revascularization was
ranked only behind age, creatinine levels, and blood gas values as a pre-
dictor of 30-day mortality. The direction of the effect of each variable
on the prediction of 30-day mortality can be seen in Figure 6.

Discussion

In this observational study, we have shown that patients with STEMI
complicated by cardiogenic shock (defined as lactate >2 mmol/L) and
multi-vessel disease have higher mortality when treated with CR rather
than targeting the culprit vessel alone. This was demonstrated using a
variety of adjusted statistical methods including regression analyses,
propensity matching, and inverse probability treatment weighting.
Regardless of the method used, the OR or HR for mortality was around
2 for complete vs. culprit lesion-only revascularization at 30 days, 1
year, and over a median follow-up of 30 months.

This was further explored by the novel use of explainable machine
learning. This showed that revascularization strategy was behind only
age, creatinine, and blood gas parameters in predicting 30-day mortality.

This finding is in keeping with other published studies looking
at complete vs. culprit-lesion revascularization in patients with acute
coronary syndromes, the most important being CULPRIT-SHOCK,?
which enrolled an all-comers ACS cohort. Indeed, as referenced in the
introduction, this is now the guideline-based recommendation in
Europe and the USA. In patients with shock and acute coronary syn-
dromes, the potential benefits of CR appear to be outweighed by longer
procedural times and increased contrast load. Although the mechanism
of this is not yet clear, proposed causes have included renal dysfunction,
platelet aggregation, and prothrombotic states during cardiogenic shock
leading to more ischaemia and ventricular pump dysfunction during an
extended multi-vessel procedure.™

A second finding of this article is that using a lactate threshold of
>2 mmol/L could potentially be used as a straightforward heuristic
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Figure 3 Kaplan—Meier survival curves for propensity-matched shock cohort over 1 year.
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adjusted and weighted analyses for shocked patients.

guiding revascularization strategy. In comparison with the study
shocked cohort, the non-shocked cohort did not have a difference in
mortality observed in relation to either revascularization strategy.
This is in keeping with previous trials,>'>~"” where the benefits of CR
in non-shocked STEMI patients were not through mortality but
through reduced repeat revascularization or MI. Therefore, using lac-
tate to arbitrate shocked status divided this population into subgroups
that exhibited different responses to revascularization strategy.

This is important because the classic hypotension-based criteria
prevalent in the shock literature can result in neglect of the ~50% of
hypoperfused ACS patients who present as normotensive.'®"?

This supposition is supported by the analysis of shock patients by the
CSWG. Although a lactate of >2 mmol/L in isolation would place a pa-
tient in SCAI-CSWG Stage B, 90% of patients presenting at this level
progress to a higher stage during hospital admission, and the mortality
listed in the paper of 39.9% is comparable to the mortality in our shock
cohort.” Thus, this accurate and easy-to-implement categorization can
help to define the most appropriate strategy for treating patients with
STEMI and multi-vessel disease.

Finally, the importance of revascularization strategy on outcome was
supported by using explainable machine learning in addition to trad-
itional statistical methods. Tree-based machine learning models are
the most commonly used non-linear models.° XGBoost has emerged
as a highly effective predictive algorithm and is integral to the winning
solution in the majority of classification problems set by Kaggle.'?
Although accurate, machine learning models have suffered from a
lack of transparency and poor interpretability. In practice, this means
that although predictions emerging from these models are accurate

when applied to new testing sets, it is difficult to define the significance
of each variable in making that prediction. This is particularly important
in medical predictions, because making treatment decisions based upon
a black box algorithm is inappropriate from both ethical and legal
standpoints.

Recent work has allowed the explanation of tree-based models
using game-theoretic SHAP values.?' This allows both local feature
interaction effects and global model structure to be explained. By ap-
plying SHAP values to the XGBoost model, we could better explain
the factors that predict 30-day mortality in the shock cohort.
XGBoost does not require (or indeed allow) us to try to weight the
data, rather it provides objective links between inputs and outputs.
The fact that revascularization strategy was such a strong predictor of
30-day mortality using this method supports the findings of the tradition-
al statistical methods applied to earlier sections of this article. This is the
first time that SHAP values have been applied to assessing revasculariza-
tion strategy on cardiogenic shock patients presenting with STEMI.

The most important limitation of this study is its non-randomized de-
sign. We have made numerous different attempts to adjust for con-
founding using statistical methods, but these can only ever be as
effective as the inputted data and cannot take into account metrics
that are used by clinicians to make decisions but are not captured in
tabular data. The multiple analytical approaches yielded broad point es-
timates and therefore this study should be viewed primarily as hypoth-
esis-generating. Furthermore, this analysis is based upon data from a
single centre with a high proportion of shocked patients, which may
limit its applicability to other settings. There is also likely to be an indi-
cation bias with regards to patients having measured arterial lactates.
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Figure 5 Absolute SHapley Additive exPlanations (SHAP) values showing the importance of each variable in the XGBoost model predicting 30-day

mortality in the shock cohort.
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model predicting 30-day mortality in the shock cohort.
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Conclusions

This study has shown that CR of patients presenting with STEMI, multi-
vessel disease, and a lactate >2 mmol/L is associated with increased
mortality compared with culprit vessel-only PCI. This relationship
held true when the data were analysed using both traditional statistical
techniques and explainable machine learning.

Supplementary material

Supplementary material is available at European Heart Journal: Acute
Cardiovascular Care.
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