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Abstract The purpose of this study was to develop a severity-adjustment model for predicting mortality in acute
stroke patients using machine learning. Using the Korean National Hospital Discharge In-depth Injury Survey from
2006 to 2015, the study population with disease code 160-163 (KCD 7) were extracted for further analysis. Three tools
were used for the severity-adjustment of comorbidity: the Charlson Comorbidity Index (CCI), the Elixhauser
comorbidity index (ECI), and the Clinical Classification Software (CCS). The severity-adjustment models for mortality
prediction in patients with acute stroke were developed using logistic regression, decision tree, neural network, and
support vector machine methods. The most common comorbid disease in stroke patients were hypertension,
uncomplicated (43.8%) in the ECI, and essential hypertension (43.9%) in the CCS. Among the CCI, ECI, and CCS,
CCS had the highest AUC value. CCS was confirmed as the best severity correction tool. In addition, the AUC values
for variables of CCS including main diagnosis, gender, age, hospitalization route, and existence of surgery were 0.808
for the logistic regression analysis, 0.785 for the decision tree, 0.809 for the neural network and 0.830 for the support
vector machine. Therefore, the best predictive power was achieved by the support vector machine technique. The
results of this study can be used in the establishment of health policy in the future.

Keywords : Stroke, Medical service quality outcome, Mortality rate, Machine learning, Prediction model,
Severity-Adjustment, Comorbidity
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Table 1, Definition of variables

Variables Definition

Sex Male, Female

Age -49, 50-64, 65-74, 75+

Admission route Emergency room, Ambulatory

The diagnosis established after study to be
chiefly responsible for occasioning the
patient's episode of care in hospital (or
attendance at the health care facility[13])

Principal
diagnosis code

A condition or complaint either coexisting
with the principal diagnosis or arising
during the episode of care or attendance at
a health care facility[13]

Additional
diagnosis code

History of surgery | Yes, No

93k =42 Elixhauser
comorbidity index(ECI), Charlson comorbidity index(CCI),
clinical classification software(CCS)S AH&-33ith CCI
= 170 Aol dato] 1~637449 dAT 75
Bolgl ¥ o] 7KEAe] $e wASs WHoR 0, 1, 2,
300] A5R WRHAA Bk Eelrh14-15],

ECIE= 310 $33e] vsh ayas g &
W TS AES oY T 24l AHgE

tH16].

CCS+ W9 AHRQ(The Agency for Healthcare
Research and Quality)oll ]3] 7HE AW-S AAsHH
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HAlgdE o] 8d 34 HES HY 49 5= B AT AdS 2 gl T A+

27 2 A Y E A1 25 oA 8RR A4S 20 2 UlA B R A LEelA AEe W
S Y% F oo BHS BAEIh 4 HYAE o] 53.9%E o4 46.1%0] vlE] Z2F o Bker, A%
AFZAL AR F 2005, 2007, 2009, 2011, 20133 A} FEE 494 o]3HE A|9)gk 50-644], 65-74A, 754 ©]
S B 2 U g A5 1502 %o, B A H)sg BEE Btk JYdEE SEES §
o] HA3N(overfitting)w Al ANAS g JHETE 4] U HTF 75.6%= Q) 24.4%00 W3] =9k
HSE O 2006, 2008, 2010, 2012, 20143 A55 & U $& 55 54 2 4971 853%= &g
&3tk 749 14.7%°l 3l E=A e TH(Table 2).

W% EAS AAlste] oidate] dukd 54, Fxd
3, CCL, ECL, CCSell w2 59Hd3E 22 8 gelsloint, 3.1.2 tHARte| FXRICH 22

TS 25 HA AN G5 2 RS 93t 2 2 2 UlA B g4 1A AFYst &
2718 2A2H 375X (logistic regression model), &(subarachnoid hemorrhage, 160)°] 10.1%, *W&3d
XA U (decision  tree  model), A7 W(neural (intracerebral hemorrhage, 161)¢] 16.5%, H|&]%4A +

AXE wE] @ 2(support vector
RFol A

network model),
machine model)S ©]-83}¥ 1, 2 s &
A W7 ARE AT d5Ye A
the curve of ROC)Ft2-2 H7}8k3ith. AUC= 05914
1Ake] s ke 0.5 %R B9
Y FL dEo] dFS
& 9359E dvka T

3)
=
KNIME softwareE ©]-8-3}%t}

AUC(area under

o)
=

3. gdxtZq

3.1 ATCHARLS| S4
3.1.1 HTChARL|
2 Ao & oyl

2 92 37216903 TRl

7W &3 (other nontraumatic intracranial hemorrhage,
162) 4.0%, 17 A(cerebral infarction, 163) 69.4%= 1}
ER w7 A0 7H =9kt Table 3].

Table 3. Distribution of principal diagnosis

Model
External
Diagnosis . develop me.nt & validation
internal validation
N % N %
Subarachnoid
hemorrhage(160) 1,919 10.1 1,875 10.3
Intracerebral
hemorrhage(I61) 3,151 16.5 2,860 15.8
Other nontraumatic
intracranial 770 4.0 749 4.1
hemorrhage(162)
Cerebral infarction(163) 13,248 69.4 12,644 69.7
All 19,088 100.0 18,128 100.0

duba EAS AW B [Table 2]9F 2. 3.1.3 CHatXte| Sttt 2x
2 2 UA g9 E AF 254 s &
Table 2. General characteristics of acute stroke inpatients T 240 A WY T syl CClell W 22 4
Model development External 7= (Table 4)9]— 2t} 049 Y EE A7 50.2%E
Characteristics & internal validation| validation
N % N % 7P BRI 17 0] 28.6%, 27 12.4%, 3+ 8.8% wO&
Mal 10,284 53. 9,822 542 1k
Gender e > 9 > eI THTable 4).
Female 8,804 46.1 8,306 45.8
-49 2,598 13.6 2,494 13.8
A 50-64 5,543 29.0 5,142 28.4 Table 4. Distribution of Charlson comorbidity index
ge
6574 5,602 29.3 5,273 29.1 Model development & External
75+ 5,345 28.0 5,219 288 Score internal validation validation
Admission | ETEY | um1 | 756 | 13909 | 767 N % N %
route room 0 9,584 50.2 9,154 50.5
Ambulatory 4,667 24.4 4219 233 1 5456 28.6 5217 28.8
History No 16,282 85.3 15,391 84.9 > 2,365 124 2,185 2.1
of surgery | Yes 2,806 14.7 2,737 15.1 3+ 1,683 3.8 1,572 3.7
All 19,088 100.0 18,128 100.0 All 19,088 100.0 18,128 100.0
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3 3x(diabetes, uncomplicated)

i

318 Sh(hypertension, uncomplicated)©]
1, S BuelA e

19.8%, ©}H]|(paralysis)

A

disease)©] 11.4%, "F|(paralysis) 9.9% T2 F=
o= eyt

Table 6. Distribution of comorbidity disease by clinical
classification software category

Model
7} 9.5%, A5 W (cardiac arrhythmias)©] 9.0% o2 development & Viﬁ;gq:{l}
%gl.q_(Tab]e 5). Disease internal validation
Yes Yes
N % N %
Table 5. Dlsmbut.19n of comorbidity disease by Elixhauser Diabetes mell_hntl_s without 3764 197 | 3640 | 201
comorbidity index complication
Diabetes mellitus with
Model External complications 336 28 476 26
development & . - . -
Disease internal validation validation Disorders of lipid metabolism| 1,803 9.4 1,705 9.4
Yes Yes Deficiency and other anemia 394 2.1 338 1.9
N % N % Senility agiis o(;rdi?—rsnc mental 785 41 707 39
AIDS/H1V 2 0.0 1 0.0
Alcohol abuse 99 0.5 98 05 Affective disorders 307 1.6 240 1.3
Blood loss anemia 4 0.0 6 0.0 Other' hereditary and
Cardiac arthythmias 1727 90 1.706 94 degenerative nervous system 504 2.6 467 2.6
- > : . : conditions
Chronic pulmonary disease 290 1.5 325 1.8 -
Coagulopathy 93 05 %3 05 Paralysis 1,892 9.9 1,707 9.4
Congestive heart failure 389 2‘0 392 2-2 Other nervous system disordery 1,062 5.6 1,025 5.7
Deficiency anemia 84 04 90 0.5 Essential hypertension 8,385 43.9 7,758 42.8
Depression 266 14 280 15 Corom:lr]y a}t]herr?sgl'erosis and 614 32 562 3.1
Diabetes, complicated 495 2.6 491 2.7 other heart disease
Diabetes, uncomplicated 3,784 | 198 | 3,545 | 19.6 Cardiac_dysrhythmias 1,731 9.1 1,638 | 9.0
Drug abuse 0 0.0 0 0.0 Acute cerebrovascular disease| 2,179 11.4 2,205 12.2
g
Fluid and electrolyte disorders 169 0.9 157 0.9 Othber and Tl—dzﬁned 766 40 663 37
Hypertension, complicated 35 0.2 36 0.2 cercbrovascular discase
Hypertension, uncomplicated 8,360 | 438 | 7,786 | 43.0 Late effectsdqf cerebrovasculan g o 46 7 43
Hypothyroidism 113 0.6 120 0.7 15¢ase
Liver disease 269 1.4 267 1.5 Pneumonia (except that caused
by tuberculosis or sexually 703 3.7 655 3.6
Lymphoma 12 0.1 13 0.1 transmitted disease)
Metastatic cancer 87 0.5 74 0.4 Aspiration pneumonitis;
Obesity 4 0.0 2 0.0 food/vomitus ? 324 1.7 323 1.8
Othelr neurological disorders 16259 2'2 161;’ 3‘6‘ Gastritis and duodenitis 650 | 34 | 4715 | 26
P. i .5 .
Parf:'ysml @ i : 747 Other gastrointestinal disordery 405 2.1 413 23
eptic ulcer disease excludin
blepedmg £ 16 0.6 145 0.8 Chronic renal failure 306 16 338 19
Peripheral vascular disorders 186 1.0 166 0.9 Urinary tract infections 514 2.7 447 25
Psychoses 21 0.1 27 0.1 Hyperplasia of prostate 361 1.9 328 1.8
Pulmonary circulation disorders 65 0.3 67 04 Residual codes; unclassified 1,183 6.2 1,184 6.5
Renal failure 392 2.1 397 22 ) A 2597 A v W WAAZE Aske] 47 3004
: e ‘7lz VLi 7| 2‘_%‘—1—07.17% ’||’!!O; s B gn
ot dieones N se |03 |6 | o4 oY ABL F8 FUAVOE o] YA HHS ANG
e WA Aol AA] 2507) A BEE LI
Solid tumor without metastasis 314 1.6 290 1.6 el fel Al 25974 =
Valvular disease 247 1.3 185 1.0
Weight loss 14 0.1 14 0.1 3.2 % =0 EX‘I AI-% 01|§ 'g 7Hl=é|'
3.21 EXAE FFHEMES 0|88 FBx EH
2 2 Wy gdE ds Is4  CCcSell w Al O 2E JHw
=2 X By 1
= © ]?_]_'/Z‘}Hg i i Ty (Table 6)3} % E]’ 32.1.1 Egé 7HE"E']_—
HEgA pdeo o 0 ﬁl—tﬂ . -
WE 4] 313 Sf(essential hypertension)©] 43.9%, Fig. 19141} 70] KNIME software® 27| 2<€] 7]
= §E dxHdi melli ith mplication S0 1)
5§l YicH(diabetes mellitus without complication) BHow BES pE390)
o] 19.7%, w4 83 A3Hacute cerebrovascular
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Fig. 1. Logistic regression model development using

KNIME

3.2.12 53 7}
ZAAE RN L o] &3l T HY BYS
Mreta Brkstgth 94 CCI, ECL, CCS 2}z st

RHL CCSelA AUCEE 0.750% 7H =9tk
A AR SR gk Aol Ak CCS
7tV = e Al WA SA9] A

21 4
W, AP FERTE W

Kl
Y] WA DA A= 2+ 0.7987 0.808 %

Table 7. Logistic regression model assessment using AUC

L B AME 5 RES spde TJr A7 X] 2 A
A A5 (cardiac arrest and ventricular fibrillation) 3¢
A7} 3.746 0.2 74 =9k @4 @ - E(nausea and
vomiting) 3.144, €31l 98 7@ 3Klung disease due
to external agents) 2.799 =02 £ o2 el
[Fig. 2][Table 8].

Table 8. Severity-adjusted mortality rate model for acute
stroke patients using logistic regression

Std.

Variable Coeff. Err. | Z-score P>|z|

Constant -2.32310.160 | 14.527 | 0.000

I61 | 0.217 | 0.129] -1.679 | 0.093

Principle Diagnosis 162 | -0.418 | 0.206 | 2.030 | 0.042

163 | -1.106 | 0.146 | 7.586 | 0.000

50-64 | -0.141]0.136| 1.036 | 0.300

Age 65-74 | 0.062 | 0.140 | -0.442 | 0.658

75+ 1 0.636 |0.140 | -4.536 | 0.000

Admission route A“(‘)E;ﬂat -0.974|0.144| 6775 | 0.000
History of surgery Yes | 0.248 [0.114] -2.184 | 0.029
Septicemia(except in labor) Yes | 2.537 10.363 | -6.983 | 0.000
Cancer of head and neck Yes | 2.194 | 1.038 | -2.114 | 0.035
Cancer of stomach Yes | 1.552 |0.561 | -2.766 | 0.006
Cancer of breast Yes | 3.189 [ 1.217] -2.621 | 0.009
Cancer of prostate Yes | 1.767 | 0.835| -2.116 | 0.034
Leukemias Yes | 2.370 | 0.685 | -3.458 | 0.001
Other endocrine disorders Yes | 1.514 | 0.544 | -2.784 | 0.005
Coagulation and hemorthagic |y, | 0,866 |0.404| -2.145 | 0.032
Encephalitis(except that

caused by tuberculosis or Yes | 2.139 |0.688 | -3.109 | 0.002

sexually transmitted disease)

Coma; stupor; and brain
damage Yes | 2.397 |0.700 | -3.424 | 0.001

Other nervous system disordersy Yes | 0.673 |0.206 | -3.267 | 0.001

Acute myocardial infarction Yes | 2.110 | 0.343 | -6.146 | 0.000

Cardiac dysrhythmias Yes | 0.370 | 0.150 | -2.472 | 0.013

Cardiac arrest and ventricular Yes | 3.746 10.439| -8.535 | 0.000

Internal | External ﬁbﬂllatlf)l’l -
Model validation| validation Congestive heart failure; Yes | 0.739 | 0.261 ] -2.830 | 0.005
AUC AUC nonhypertensive
ccl 0.546 0.529 Acute cerebrovascular disease| Yes | 1.059 | 0.100 |-10.636| 0.000
Pneumonia(except that caused
stepl ECI 0.634 | 0.647 by tuberculosis or sexually | Yes | 0.901 |0.160| -5.616 | 0.000
CCS 0.750 0.760 transmitted disease)
CCI + PD 0700 | 0.705 ﬁgﬁ%@fgﬁfaﬁgt (aduly | Yes | 2266|0732 -3.098 | 0.002
step2 ECI + PD 0.744 0.759 Lung disease due to external v
CCS + PD 0.788 0.799 agents €s 2.799 [1.166 | -2.400 | 0.016
CCI + PD + Gender + Age 0.734 0.741 Other lower respiratory disecase| Yes | 0.879 |0.333 | -2.641 | 0.008
step3 ECI + PD + Gender + Age 0.764 0.777 Biliary tract disease Yes | 1.181 [0.496| -2.382 | 0.017
CCS + PD + Gender + Age 0.798 0.807 Gastrointestinal hemorrhage Yes | 1.026 [ 0.420| -2.444 | 0.015
CCI + PD + Gender + Age + AR + ES| 0758 | 0.766 acute and unspecified renal | yoo | 0,982 [0.278] -3.535 | 0.000
step4| ECI + PD + Gender + Age + AR + ES| 0.785 | 0.796 Chronic_renal failure Yes | 1.170 [ 0.246 | -4.766 | 0.000
CCS + PD + Gender + Age + AR + ES| 0.808 0.817 Chronic ulcer of skin Yes | 1.139 |0.317 -3.595 | 0.000
CCI : Charlson comorbidity index Skull and face fractures Yes | 1.641 |0.624| -2.630 | 0.009
ECI : Elixhauser comorbidity index Nausea and vomiting Yes | 3.144 | 1.314| -2.392 | 0.017

CCS : clinical classification software
PD : principal diagnosis

AR : admission route

ES : history of Surgery

Residual codes; unclassified Yes | 0.344 10.162 | -2.119 | 0.034

F) BAHCRE Fo3 WE(P>7<0.05)% 2 AAE
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PRIDIA 3 - Prindpl Diagosis (6, 161, 162 63,

ADMROU - Admission Route (1 = Emergeny Room, 1= Ambidatory),
(9,407 - Candizc arrest and ventricuar firilaton (0 = No, 1= YES),
(105 156 : Nephrits nephrosis renal scrogis (0 = No, 1= YES)

GAGE:Age (1= 40, 2= 5064 3= 6574 4= Thy)
(05,1 : Septcemialevcept in labor) 0 = No, 1: YES)
(5,009 - Aete cerebrovastular diease (0 = No, 1 YE9)

Fig. 2. Severity-adjusted mortality rate model for acute
stroke patients using decision tree
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%AK(Table 9).
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Table 9. Decision Tree model assessment using AUC

Internal | External

Model validation| validation
AUC AUC
CCI 0.581 0.536
stepl ECI 0.597 0.591
CCS 0.743 0.720
CCI + PD 0.727 0.702
step2 ECI + PD 0.753 0.726
CCS + PD 0.789 0.759
CCI + PD + Gender + Age 0.723 0.698
step3 ECI + PD + Gender + Age 0.714 0.735
CCS + PD + Gender + Age 0.744 0.733
CCI + PD + Gender + Age + AR + ES| 0.738 0.745
step4| ECI + PD + Gender + Age + AR + ES| 0.755 0.768
CCS + PD + Gender + Age + AR + ES| 0.785 0.780

CCI : Charlson comorbidity index
ECI : Elixhauser comorbidity index

CCS

clinical classification software

PD : principal diagnosis
AR : admission route
ES : history of Surgery
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Fig. 3. Neural network model development using KNIME
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Table 10. Neural network model assessment using AUC

Internal | External

Model validation | validation
AUC AUC
CCI 0.552 0.529
stepl ECI 0.635 0.634
CCS 0.752 0.765
CCI + PD 0.702 0.699
step2 ECI + PD 0.734 0.745
CCS + PD 0.785 0.782
CCI + PD + Gender + Age 0.741 0.748
step3 ECI + PD + Gender + Age 0.763 0.784
CCS + PD + Gender + Age 0.791 0.794
CCI + PD + Gender + Age + AR + ES| 0.761 0.760
step4|ECI + PD + Gender + Age + AR + ES| 0.787 0.798
ICCS + PD + Gender + Age + AR + ES| 0.809 0.806

CCI : Charlson comorbidity index
ECI : Elixhauser comorbidity index
CCS : clinical classification software
PD : principal diagnosis

AR : admission route

ES : history of Surgery
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Fig. 4. Support vector machine model development
using KNIME
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Table 11. Support vector machine model assessment

using AUC
Internal | External
Model validation| validation
AUC AUC
CCI 0.570 0.577
stepl ECI 0.673 0.698
CCS 0.748 0.766
CCI + PD 0.752 0.752
step2 ECI + PD 0.742 0.743
CCS + PD 0.815 0.817
CCI + PD + Gender + Age 0.639 0.560
step3 ECI + PD + Gender + Age 0.713 0.747
CCS + PD + Gender + Age 0.826 0.828
CCI + PD + Gender + Age + AR + ES| 0.606 0.592
step4 | ECI + PD + Gender + Age + AR + ES| 0.807 0.810
CCS + PD + Gender + Age + AR + ES| 0.830 0.837

CCI : Charlson comorbidity index
ECI : Elixhauser comorbidity index
CCS : clinical classification software
PD : principal diagnosis

AR : admission route

ES : history of Surgery
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