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Abstract

Introduction: Patients with stroke often experience pneumonia during the acute

stage after stroke onset. Oral care may be effective in reducing the risk of stroke-

associated pneumonia (SAP). We aimed to determine the changes in oral care, as well

as the incidence of SAP, in patients with intracerebral hemorrhage, following imple-

mentation of a learning health system in our hospital.

Methods: We retrospectively analyzed the data of 1716 patients with intracerebral

hemorrhage who were hospitalized at a single stroke center in Japan between

January 2012 and December 2018. Data were stratified on the basis of three periods

of evolving oral care: period A, during which conventional, empirically driven oral care

was provided (n = 725); period B, during which standardized oral care was introduced,

with SAP prophylaxis based on known risk factors (n = 469); and period C, during

which oral care was risk-appropriate based on learning health system data (n = 522).

Logistic regression analysis was performed to evaluate associations between each of

the three treatment approaches and the risk of SAP.
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Results: Among the included patients, the mean age was 71.3 ± 13.6 years; 52.6% of

patients were men. During the course of each period, the frequency of oral care

within 24 hours of admission increased (P < .001), as did the adherence rate to oral

care ≥3 times per day (P < .001). After adjustment for confounding factors, a change

in the risk of SAP was not observed in period B; however, the risk significantly

decreased in period C (odds ratio 0.61; 95% confidence interval 0.43-0.87) compared

with period A. These associations were maintained for SAP diagnosed using strict

clinical criteria or after exclusion of 174 patients who underwent neurosurgical

treatment.

Conclusions: Risk-appropriate care informed by the use of learning health system

data could improve care and potentially reduce the risk of SAP in patients with intra-

cerebral hemorrhage in the acute stage.
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1 | INTRODUCTION

Stroke is the second leading cause of death and leading cause of dis-

ability worldwide.1-3 Stroke care has undergone substantial changes in

recent decades, which have reduced case fatality and disability among

patients with stroke.4-6 Nevertheless, patients with stroke continue to

experience various medical complications;7-9 pneumonia is a common

and clinically important complication that may cause early death after

stroke.10-13 However, there has been minimal emphasis on the pre-

vention of stroke-associated pneumonia (SAP) in the acute period

after stroke.

There is considerable evidence to support the beneficial effects

of oral care in reduction of the risk of pneumonia, especially in older

patients;14,15 therefore, oral hygiene may be important for the pre-

vention of pneumonia after stroke.16-19 Currently, oral care is consid-

ered a promising measure to reduce the risk of pneumonia in patients

with stroke. The aim of this study was to determine whether

improved oral care could reduce the risk of SAP, following the intro-

duction of risk-appropriate care derived from the learning health sys-

tem. For this purpose, we retrospectively investigated data regarding

patients with intracerebral hemorrhage who were hospitalized before

and after implementation of a learning health system in our hospital.

2 | METHODS

2.1 | Study design and setting

We retrospectively analyzed data regarding patients with intracerebral

hemorrhage who were hospitalized at Saiseikai Kumamoto Hospital,

Kumamoto city, Japan. Saiseikai Kumamoto Hospital is a regional ter-

tiary hospital that serves patients with stroke in southern Japan and

provides acute care in a comprehensive stroke care unit. The

Institutional Review Board of the hospital approved this study proto-

col (approval no. 655) and granted a waiver of informed consent for

this secondary analysis of anonymous data.

2.2 | Learning health system in acute stroke care

At our hospital, the stroke care protocol was revised in 2015 to

improve oral care and reduce the risk of SAP in daily clinical practice.

For further improvement, a learning health system was applied to

acute stroke care in 2016. Figure 1 chronicles the evolution of oral

care and the actions taken to improve oral care and prevent SAP

among patients in our hospital.

2.2.1 | Stroke care before implementation of a
learning health system

Prior to December 2014 (period A), patients with stroke were pro-

vided conventional oral care in accordance with the decisions of nurs-

ing staff; these decisions were made on the basis of the clinical

experience of the nursing staff and did not involve specific SAP pro-

phylaxis. During this period, oral care was not standardized (Figure 1).

Then, members of the stroke care committee reviewed the litera-

ture and arrived at a consensus regarding risk factors for

SAP.11,12,20-22 In January 2015 (period B), the committee provided

oral hygiene education to all staff members and instituted standard-

ized care with SAP prophylaxis for patients who were at high risk of

SAP, defined as age ≥75 years, Glasgow Coma Scale (GCS) eye

response (E) score of 1-3, or the presence of dysphagia.11,12,20-22 For

convenience in clinical practice, the GCS E score was used as the mea-

sure of consciousness level, because all staff members could assess

this score without difficulty. GCS E scores were categorized as
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follows: opening spontaneously (4), to verbal command (3), to pain (2),

no eye opening (1).

2.2.2 | Learning health system with data collection
to identify SAP risk factors

During the years following introduction of standardized oral care with

SAP prophylaxis for high-risk patients, data were collected and ana-

lyzed to identify specific SAP risk factors among patients with stroke

in our hospital. In June 2016, a learning health system was

implemented to improve routine clinical practice with respect to SAP

prophylaxis (Figure 2). To identify risk factors specific to patients with

stroke in our hospital, machine learning was used; this constituted a

gradient boosting tree, which is a type of ensemble decision tree

model.23 The electronic database was analyzed to identify baseline

characteristics on admission of patients with stroke. In total, 225 clini-

cally important variables were extracted; these included age, sex, body

mass index, smoking status, consciousness level on admission, paresis

on admission, intracerebral hematoma volume, hematoma location,

functional status before stroke onset (using the modified Rankin scale

score, 0-5), physiological parameters on admission, chief complaint,

previous history, comorbidities, laboratory data on admission, and

GCS E score.

2.2.3 | Learning health system with identification
of SAP risk factors using machine learning techniques

Through the learning health system, an ensemble decision tree model

was used to identify risk factors for the development of SAP during

hospitalization. The ensemble decision tree model was used because

this model minimizes the influence of nonlinear relationships, interac-

tions, or missing data; moreover, it identifies important variables among

a large number of variables. A 10-fold cross validation was performed

to explore the optimal values for parameters in each training set. The R

package XGboost (https://cran.r-project.org/web/packages/xgboost/

xgboost.pdf) was used to model the gradient boosting decision tree; the

xgb.cv function was used for parameter optimization. The importance

of each variable was evaluated by the Gain parameter in the gradient

F IGURE 1 Evolution of oral care. Diagram showing changes in
oral care provided and improvement activities in each period. In June
2016, a learning health system was introduced to further improve the
quality of oral care. E, eye response component; GCS, Glasgow Coma
Scale; SAP, stroke-associated pneumonia

F IGURE 2 Learning health system. Diagram showing each step of
the learning health system used to provide risk-appropriate oral care
for patients with stroke
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boosting decision tree model. Among all variables included in the model,

consciousness level on admission was identified as the most important

factor; this was followed by hematoma volume, consciousness distur-

bance at onset, weakness, and age (Figure 3). A few laboratory values,

such as red blood cell index and blood urea nitrogen, also were included

in the 10 most important SAP risk factors. Based on these findings, the

care protocol was revised in November 2016; the new clinical pathway

featured risk-appropriate care.

2.2.4 | Learning health system with risk-
appropriate care for specifically targeted SAP
prophylaxis

As of December 2016 (period C), the risk of SAP was stratified based

on whether patients exhibited consciousness disturbance (GCS E

score 4), dysphagia, or severe paresis. Patients were then stratified

into high- and low-risk groups based on GCS E score, presence of dys-

phagia, and degree of paresis (mild vs severe) (Figure 1). In accordance

with the clinical pathway, this risk stratification determined the appro-

priate pattern of oral care (ie, sitting up 30� with or without oral care,

combined with specifically targeted SAP prophylaxis for patients at

high risk of SAP).

2.3 | Study patients

In this study, we included patients with intracerebral hemorrhage who

had been hospitalized before and after implementation of a learning

health system at our hospital. Figure 4 depicts the patient selection

process. From January 2012 to December 2018, 1920 patients with

intracerebral hemorrhage were admitted to our hospital; of these, we

excluded 204 patients from this study (118 patients who died within

24 hours after admission and 86 patients with pneumonia on admis-

sion [in whom the association between oral care and SAP was

unclear]). Finally, we included 1716 patients in the main analysis. For

the sensitivity analysis, we also excluded 174 patients who underwent

neurosurgical treatment after admission, because they were at risk of

ventilator-associated pneumonia.

2.4 | Study periods

The study examined three time periods that were defined in accor-

dance with the evolving protocol for oral care, as follows: period A

(January 2012-December 2014), during which conventional empiri-

cally driven oral care was provided without a specific SAP prophylaxis

protocol; period B (January 2015-November 2015), during which

standardized SAP prophylactic oral care was provided following a lit-

erature review; and period C (December 2016-December 2018), dur-

ing which data-driven risk-appropriate oral care with specifically

targeted SAP prophylaxis was provided after introduction of a learn-

ing health system.

2.5 | Quality of oral care

Frequent cleaning of the surfaces of teeth is considered important for

oral health.19 Therefore, to assess the quality of oral care, we investi-

gated the frequency of oral care in the first 24 hours of admission by

quantifying the number of times oral care was provided within

24 hours after admission, and investigated the oral care adherence

rate by measuring the proportion of days that oral care was provided

≥3 times per day.

2.6 | Definition of SAP

In this study analysis, SAP was confirmed based on (a) a clinical diag-

nosis of pneumonia and (b) a criteria-based diagnosis.24,25 The clinical

F IGURE 3 Importance of variables in risk of stroke-associated
pneumonia. Variable importance was estimated by using a gradient
boosting decision tree. Box and vertical line in box indicate

interquartile range and median, respectively. Horizontal bars indicate
10th and 90th percentiles. MCH, mean corpuscular hemoglobin;
MCV, mean corpuscular volume

F IGURE 4 Flowchart of the patient selection process
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diagnosis of SAP was made by the treating neurosurgeon, in accor-

dance with the Japanese Respiratory Society guidelines for the man-

agement of respiratory infections.26-29 Criteria-based diagnosis was

defined as the presence of SAP on at least two X-rays, in combination

with two or more clinical symptoms that included fever (≥37.5�C), ele-

vated white blood cell count (≥8600/μL), and/or purulent secretions

(Miller and Jones' classification P1-P3); a clinical diagnosis was also

required.26-29

2.7 | Statistical methods

Differences in baseline characteristics among the three periods were

analyzed using the χ2 test for frequencies, analysis of variance for age

and body mass index, and Kruskal-Wallis test for preadmission modi-

fied Rankin scale. Differences in the frequency of oral care within the

first 24 hours after admission and in the oral care adherence rate

among the periods were assessed by analysis of variance; differences

between periods were compared using Tukey's method for multiple

comparisons.30

First, we estimated the risk of SAP in each patient using a multi-

variable logistic regression model. The multivariable model included

age, sex, consciousness level (GCS E score), ventilator use, and ambu-

lance transport on admission. The receiver operating characteristic

area under the curve values in predictive models for clinically diag-

nosed SAP and data-based SAP were 0.76 and 0.77, respectively. The

Hosmer-Lemeshow goodness of fit test31 demonstrated that the

models were well calibrated, because P-values for the differences

between observed and expected event rates were 0.24 and 0.08 for

clinical diagnosis and criteria-based diagnosis of SAP, respectively.

Using this multivariable logistic regression model to estimate the risk

of SAP, differences in oral care and incidence of SAP were compared

among periods.

Logistic regression analysis was also performed to evaluate the

associations between each of the three treatment approaches and the

risk of SAP. Odds ratio (OR) and 95% confidence interval were esti-

mated after adjustment for age, sex, and consciousness level (as a sur-

rogate of stroke severity). All statistical analyses were performed

using R. Two-way P-values <.05 were regarded as statistically

significant.

3 | RESULTS

3.1 | Patient characteristics

In total, 1716 patients were included in this study; these patients had

a mean age of 71.3 ± 13.6 years, and 903 (52.6%) were men. In total,

1072 patients (62.5%) had a consciousness level of GCS E4 on admis-

sion. Table 1 lists the baseline characteristics of the patients for each

period, including potential confounders in the association analysis.

Age, sex, preadmission functional status, body mass index, and

TABLE 1 Baseline characteristics of
the sample population

Period A Period B Period C P-value

All patients n = 725 n = 469 n = 522

Age, y, mean ± SD 71.4 ± 13.4 70.7 ± 13.6 71.7 ± 13.8 .48

Men, n (%) 389 (53.7) 250 (53.3) 264 (50.6) .53

Preadmission mRS score, median (IQR) 0 (0-2) 0 (1-3) 0 (0-1) .30

Body mass index, kg/m2, mean ± SD 22.4 ± 3.8 22.7 ± 4.5 22.7 ± 4.1 .46

Current smoker, n (%) 202 (27.9) 153 (32.6) 168 (32.2) .14

Glasgow Coma Scale score, n (%)

E 4 483 (66.6) 291 (62.1) 298 (57.1) .007

E 2–3 134 (18.5) 107 (22.8) 118 (22.6)

E 1 108 (14.9) 71 (15.1) 106 (20.3)

Patients without neurosurgical treatment n = 676 n = 424 n = 442

Age, y, mean ± SD 72.0 ± 13.1 71.3 ± 13.4 72.5 ± 13.7 .45

Men, n (%) 369 (53.1) 223 (52.6) 221 (50.0) .58

Preadmission mRS score, median (IQR) 0 (0–2) 0 (1–3) 0 (0–1) .71

Body mass index, kg/m2, mean ± SD 22.4 ± 3.8 22.8 ± 4.6 22.5 ± 4.1 .34

Current smoker, n (%) 184 (28.8) 136 (33.9) 131 (31.5) .14

Glasgow Coma Scale score, n (%)

E 4 469 (69.4) 279 (65.8) 278 (62.9) .22

E 2–3 115 (17.0) 86 (20.3) 92 (20.8)

E 1 92 (13.6) 59 (13.9) 72 (16.3)

Abbreviations: E, eye response component; IQR, interquartile range; mRS, modified Rankin scale.
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smoking status did not differ among the three periods; however, con-

sciousness disturbance on admission tended to increase in severity

among the three periods. In patients who did not undergo neurosurgi-

cal treatment, there were no significant differences in baseline charac-

teristics among the three study periods.

3.2 | Quality of oral care

Figure 5 shows the oral care adherence rate (provision of oral care ≥3

times per day) in patients stratified into quartiles based on the

predicted risk of SAP, among the three periods. The oral care adher-

ence rate appeared to increase during the course of each period.

Trend analysis demonstrated an increased adherence rate in each suc-

cessive period (Table 2). Similarly, the frequency of oral care within

24 hours of onset significantly increased over time, suggesting that

oral care improved during the course of each period. Similar trends

were observed following exclusion of patients who underwent neuro-

surgical treatment.

3.3 | Incidence of SAP

Figure 6 shows trends in the incidence of SAP in periods A-C, with

respect to the predicted risk of SAP. The incidence of SAP appeared

to decrease in each successive period (Figure 6). After adjustment for

confounding factors, the risk of SAP in period B did not differ from

that in period A (Table 3); however, the multivariable-adjusted OR of

SAP significantly decreased in period C, with respect to the OR in

period A. The risk reduction remained statistically significant when

SAP diagnosis was performed using data-based criteria. In the analysis

of patients who did not undergo neurosurgical treatment, the reduced

risk of SAP in period C remained, after adjustment for confounders.

4 | DISCUSSION

The major findings of this study were as follows: after standardization,

oral care improved in terms of early initiation and sustained adherence

to an oral care regimen. After implementation of the learning health

F IGURE 5 Quality of oral
care. Diagram showing oral care
adherence rate with respect to
predicted risk of stroke-
associated pneumonia (SAP) in
periods A-C. Predicted risk of
SAP was estimated from baseline
data and stratified into quartiles
(Q1-Q4). Adherence rate was

calculated as the proportion of
days that oral care was provided
≥3 times per day. Square and
error bars indicate mean and 95%
confidence interval, respectively

TABLE 2 Oral care in each period
Period A Period B Period C P-value

All patients n = 725 n = 469 n = 522

Adherence rate, % 38.9 ± 34.6 63.7 ± 31.8* 72.3 ± 27.6* <.001

Frequency within 24 hours 1.1 ± 1.9 2.7 ± 2.1* 3.0 ± 2.1* <.001

Patients without neurosurgical treatment n = 676 n = 424 n = 442

Adherence rate, % 38.2 ± 34.7 62.4 ± 32.5* 70.8 ± 28.3* <.001

Frequency within 24 hours 1.1 ± 1.9 2.7 ± 2.2* 3.0 ± 2.1* <.001

Note: Data are expressed as mean ± SD. Frequency of oral care within 24 hours of admission indicates

the number of times oral care was provided within the first 24 hours after admission. Adherence rate

indicates the proportion of days that oral care was provided ≥3 times per day.

*P < .05 vs period A by multiple comparisons.

6 of 9 MATSUMOTO ET AL.



system, oral care further improved with care planning that was risk-

appropriate, based on data analysis. After standardization, the

observed risk of SAP did not differ from the risk that was present in

the context of empirically driven oral care; however, the risk of SAP

significantly decreased after introduction of the learning health sys-

tem and revision of clinical pathways to reflect risk-appropriate oral

care planning. In sensitivity analyses, these findings remained statisti-

cally significant, despite the use of strict criteria for confirmation of

SAP; they also remained statistically significant after exclusion of

patients who underwent neurosurgical treatment. Therefore, our use

of a learning health system could improve care and lead to favorable

outcomes in patients with intracerebral hemorrhage.

4.1 | Learning health system and quality of care

In our hospital, the efforts to improve care were based on quantitative

analysis of real-world data. In this study, we assessed oral care using

two indicators: (a) the frequency of oral care within 24 hours after

admission, and (b) the rate of adherence to a pattern of oral care ≥3

times per day during hospitalization. We found both indicators

improved after provision of oral hygiene education to staff members

and implementation of an oral care protocol for patients with known

SAP risk factors. Oral care further improved following our implemen-

tation of a learning health system that enabled better identification of

risk factors, which resulted in appropriate oral care in routine clinical

practice. These results suggest that data-driven improvement of

stroke care is an effective strategy for improvement of the quality

of care.

4.2 | Learning health system and medical
complications

This study did not show a difference in the risk of SAP after the stan-

dardization of conventional empirically based oral care; however, the

risk of SAP was significantly reduced after the implementation of

appropriate oral care in the context of the learning health system. This

association suggests that risk-appropriate care can reduce the risk of

SAP in patients with acute stroke. Additionally, implementation of the

clinical pathway may have played a key role by determining

F IGURE 6 Incidence of stroke-associated pneumonia (SAP).
Diagram showing incidence of SAP with respect to predicted risk of
SAP in periods A-C. Predicted risk of SAP was estimated from
baseline data and stratified into quartiles (Q1-Q4)

TABLE 3 Risk of SAP in each period

Period A Period B Period C P-value

All patients n = 725 n = 469 n = 522

Clinical diagnosis

Event, n (%) 110 (15.2) 72 (15.4) 64 (12.3) .17

Multivariable-adjusted OR (95% CI) 1.00 (reference) 1.03 (0.73-1.44) 0.61 (0.43–0.87) .01

Criteria-based diagnosis

Event, n (%) 102 (14.1) 65 (13.9) 63 (12.1) .32

Multivariable-adjusted OR (95% CI) 1.00 (reference) 0.99 (0.69-1.40) 0.67 (0.46-0.96) .04

Patients without neurosurgical treatment n = 676 n = 424 n = 442

Clinical diagnosis

Event, n (%) 94 (13.9) 58 (13.7) 42 (9.5) .04

Multivariable-adjusted OR (95% CI) 1.00 (reference) 0.99 (0.68-1.44) 0.52 (0.34-0.78) .004

Criteria-based diagnosis

Event, n (%) 87 (12.9) 51 (12.0) 41 (9.3) .08

Multivariable-adjusted OR (95% CI) 1.00 (reference) 0.93 (0.63-1.37) 0.57 (0.37-0.86) .01

Note: Multivariable model included age, sex, and consciousness level.

Abbreviations: CI, confidence interval; OR, odds ratio; SAP, stroke-associated pneumonia.
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appropriate care based on risk estimation; the frequency of SAP

decreased in patients at all risk levels, suggesting that the clinical path-

way was able to effectively determine appropriate treatment.32-35

This study did not elucidate a causal relationship between oral

care and the risk of SAP. Other factors, such as sitting up at 30�, may

have also been involved in reduction of the risk of SAP; however, our

findings suggest that data collection and analysis improve stroke care,

resulting in enhanced acute-stage outcomes after stroke. Use of a

learning health system is thus a promising strategy to improve care

and reduce the risk of medical complications after stroke. Further

studies are needed to validate the impact of learning health system

use on stroke outcomes.

4.3 | Study limitations

This study had some limitations. First, it included patients with stroke

who were hospitalized in a single stroke center, which may have

affected the generalizability of the findings. Second, it did not include

analysis of factors that could reduce the risk of SAP during hospitali-

zation; thus, we could not attribute the observed reduction in risk of

SAP to the provision of improved oral care or other factors. Third, it

involved a treatment bias, as the provision of acute care for stroke

(eg, treatment of stroke and the use of antibiotics) was not controlled

during the study period. Fourth, this study used real-world data;

therefore, the results may have been limited by missing data, as well

as by misclassification of variables and outcomes.

5 | CONCLUSIONS

Implementation of a learning health system can aid in the provision of

risk-appropriate care for patients with acute intracerebral hemor-

rhage, thereby reducing risks of medical complications.
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