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Background and Purpose: Post-stroke pneumonia is a feared complication of stroke

as it is associated with greater mortality and disability than in those without pneumonia.

Patients are often kept “Nil By Mouth” (NBM) after stroke until after receiving a screen for

dysphagia and declared safe to resume oral intake. We aimed to assess the proportional

contribution of stroke severity and dysphagia screen to pneumonia by borrowing idea

from coalition game theory on fair distribution of marginal profit (Shapley value).

Method: Retrospective study of admissions to the stroke unit at Monash Medical Center

in 2015. Seventy-five percent of data were partitioned into training set and the remainder

(25%) into validation set. Variables associated with pneumonia (p < 0.1) were entered

into Shapley value regression and conditional decision tree analysis.

Results: In 2015, there were 797 admissions and 617 patients with ischemic and

hemorrhagic stroke (age 69.9 ± 16.2, male = 55.0%, National Institute of Health Stroke

Scale/NIHSS 8.1 ± 7.9). The frequency of pneumonia was 6.6% (41/617). In univariable

analyses NIHSS, time to dysphagia screen, Charlson comorbidity index (CCI), and age

were significantly associated with pneumonia but not weekend admission. Shapley value

regression showed that the largest contributor to the model was stroke severity (72.8%)

followed by CCI (16.2%), dysphagia screen (3.8%), and age (7.2%). Decision tree analysis

yielded an NIHSS threshold of 14 for classifying people with (27% of 75 patients) and

without pneumonia (2.5% of 308 patients). The area under the ROC curve for training

data was 0.83 (95% CI 0.75–0.91) with no detectable difference between the training

and test data (p = 0.4). Results were similar when dysphagia was exchanged for the

variable dysphagia screen.

Conclusion: Stroke severity status, and not dysphagia or dysphagia screening

contributed to the decision tree model of post stroke pneumonia. We cannot exclude the

chance that using dysphagia screen in this cohort hadminimized the impact of dysphagia

on development of pneumonia.
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INTRODUCTION

Post-stroke pneumonia is a feared complication of stroke as it
is associated with greater mortality and disability than those
without this complication. Post-stroke pneumonia occurs in
∼10% of patients after stroke (1). Earlier small trials to prevent
post-stroke pneumonia, including prophylactic administration
of antibiotics, do not support a role for antibiotics in reducing
mortality, or dependency (1). In a more recent and larger trial
there was no evidence for an effect of antibiotics on reducing
pneumonia (2). Further, patients receiving antibiotics had longer
hospitalization than those in the usual care group. The use of
nasogastric feeding to bypass swallowing difficulties does not
appear to reduce the risk of pneumonia (3, 4).

The frequently used term aspiration pneumonia implies a
direct link between dysphagia, aspiration, subsequent infection
and pneumonia, but there are missing components in this
pathway (5, 6). Swallowing difficulties on video-fluoroscopy have
been described in substantial proportion (>39%) of elderly
subjects without dysphagia (7). Dysphagia is common after stroke
and occurs in∼37–93% of patients (8, 9). Screening for dysphagia
has been emphasized as important for preventing pneumonia
at both an international symposium (10) and in clinical audit
reports (11). In the American Heart Association 2018 guidelines
it was deemed to have strength/class of recommendation IIa
(moderate benefit to risk ratio) but level of evidence C-LD
(limited data) (12). In the Australian 2017 guidelines, the
recommendation to perform a dysphagia screen after stroke was
classed as consensus-based (13).

Patients are often kept “Nil By Mouth” (NBM) after stroke
until a dysphagia screen has been performed and the patients
is declared safe to resume oral intake. In our center, the
decision to undergo dysphagia screen is ad-hoc and depends
on the treating team. However, there are uncertainties about
the utility of performing a screen for dysphagia (14–16).
Most tools have high sensitivity but much lower specificity to
detect swallowing difficulties (15). Because the tool is highly
sensitive patients may be prevented from oral intake, including
taking important medications such as antithrombotic therapy
and antihypertensive therapy. The effectiveness of screening
for dysphagia in preventing post-stroke pneumonia has been
questioned in systematic reviews since 2010 (14–16). The aim
of this study is to identify variables associated with post-stroke
pneumonia, their proportional contribution and the thresholds
for these associations.

METHODS

This is a retrospective study of admissions to the stroke unit
at Monash Health over 12 months in 2015. We collected data
on demographic variables, admission diagnoses, time to triage,
imaging, screening for dysphagia, NBM status, stroke severity
(National Institute of Health Stroke Scale/NIHSS), and Charlson
comorbidity index (CCI). The NIHSS has values ranging from 0
(no signs) to 42 (intubated patient). In this study, the NIHSS was
taken from the clinical examination performed on admission.
In this study, CCI was calculated from the extracted clinical

data (17). This study was approved by Monash Health Human
Research Ethics Committee. A waiver of individual consent was
granted given that the study was retrospective in nature and there
was no intervention component to this study.

Swallowing assessment: following assessment by the medical
team patients are designated into two groups: (1) to be kept
NBM) until a dysphagia screen or; (2) able to swallow and take
medications. The dysphagia screen was conducted by nurses
certified to perform this task. The dysphagia screen tool used
was Acute Screening of Swallow in Stroke or TIA (ASSIST) tool
(18). Patients who passed the screen were permitted to have oral
intake, while patients failing the screen remained NBM until
reviewed by a speech pathologist within 24 h of admission. The
speech pathologist then either allowed the patients to have a
modified diet, or required that they remain NBM.

Definition: The diagnoses of TIA, minor stroke and stroke
were confirmed by a stroke neurologist. In this study, TIA was
defined as transient neurological weakness lasting up to 24 h and
resulted from ischemia of the brain or eye (19). Patients in the
minor stroke pathway had NIHSS ≤4 (20). In this study, the
term post-stroke pneumonia will be used instead of aspiration
pneumonia. The diagnosis of post-stroke pneumonia was made
by the treating team. It was defined clinically by the finding of
fever (temperature ≥38◦C), consolidation on chest radiograph
and use of antibiotic medications.

We used lubridate package in R (version 3.4.2) to parse time
for weekend vs. weekday analysis. Time to event was plotted
using R packages survival and survminer. Seventy-five percent
of data were partitioned into a training set and the remainder
(25%) into a validation set. Variables found to be associated
with pneumonia (p < 0.1) in the training set were entered
into multivariable regression, hierarchical partition analysis, and
decision tree analysis.

Given the interest in finding out the covariate making
largest contribution to Pneumonia, we calculated the marginal
contribution of each covariate to the model or Shapley value
regression (21, 22). The marginal contribution is determined as
the average of all permutations of the coalition of the covariates
containing the covariate of interest minus the coalition without
the covariate of interest. This analysis was performed using iml
package in R (23).

Further, we used conditional decision tree analysis to develop
models for classifying between pneumonia and no pneumonia.
Decision tree was trained on the training data and validated with
the testing dataset. The tree construction was performed using
the party package in R (24). Classification of a binary response
variable can be viewed as having a set of rules that are applied
sequentially, with each rule partitioning an attribute (predictor
variable) into a binary response. The area under ROC curves were
compared using pROC package in R.

RESULTS

Over the full 2015 calendar year there were 797 admissions
and 617 patients with ischemic and hemorrhagic stroke (age
69.9 ± 16.2, male = 55.0%, National Institute of Health Stroke
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Scale/NIHSS 8.1 ± 7.9). The frequency of pneumonia was 6.5%
(45/797) among the entire cohort and 6.6% (41/617) among
patients with diagnosis of stroke. See Table 1 for the patient
characteristics in each group. In this study, 75.8% (468/617) of
patients were kept NBM, 77.8% (480/617) of the patients were
screened for dysphagia that was documented in their medical
records and 69.4% (333/480) passed. Among the patient who
did not have dysphagia screen, only two had pneumonia. There
was no statistically significant difference between the training
and testing groups with respect to NBM, dysphagia screen,
passing dysphagia screen, and pneumonia (Table 1). There was
no difference in stroke severity between the training group (7.4
± 7.7) than in the testing group (7.7 ± 7.2, p = 0.7). Twenty
eight of 29 patients (96.5%) with pneumonia in the training group
were kept NBM from onset compared to 7 of 8 (87.5%) in the
test group. Eleven of 29 patients (37.9%) with pneumonia in
the training group passed dysphagia screen compared to 4 of 8
(50.0%) in the test group (p= 0.5).

Variables associated with pneumonia (p< 0.10) in univariable
analyses included stroke severity, NBM, time to dysphagia
screen, CCI, age, and week day vs. weekend admission.
Tissue plasminogen activator (tPA) usage was not associated
with pneumonia; among 52 stroke patients in training set
who received tPA, only three had pneumonia among 33
stroke patients in test set who received tPA, only one
had pneumonia. The regression analyses were similar for
analyses of the full sample (patients with TIA, ischemic, and
hemorrhagic stroke) and for patients with only TIA or ischemic
stroke. The findings were the same and hence are presented
together.

Significant variables (p < 0.10) described above were entered
into multivariable regression and decision tree analysis. Shapley
value regression showed that the largest contributor to the model
was stroke severity (72.8%) followed by CCI (16.2%), dysphagia
screen (3.8%), and age (7.2%) (Figure 1). The results remained
the same when time to dysphagia screen was used instead
of the term dysphagia screen or presence of dysphagia (see
Figure 1).

Decision tree analysis yielded an NIHSS threshold of 14
for classifying people with (27% of 75 patients) and without
pneumonia (2.5% of 308 patients). The area under the ROC
curve for training data was 0.83 (95% CI 0.75–0.91) with no
detectable difference between the training and test data (p= 0.4);
see Figure 2. Variables such as dysphagia, dysphagia screen, time
to dysphagia screen, NBM, CCI, age, and weekday vs. weekend
admission did not remain in the model.

The survival plot was performed on the 393 patients with TIA
and ischemic stroke in the training dataset; these patients were
selected because they have documented time of dysphagia screen.
In survival analysis of the 393 patients with TIA and ischemic
stroke in the training dataset, the time to conducting a dysphagia
screen was significantly different between the weekend and week
day (p = 0.003; Figure 3). However, there was no difference in
the frequency of pneumonia between weekend and week day (p=
0.4). Among patient who had dysphagia screen, 39.2% (120/306)
of patients received a dysphagia screen within 12 h and 82.3%
(252/306) within 24 h. T
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FIGURE 1 | Shapley values of the covariates for pneumonia. Shapley value regression showed importance of stroke severity on admission above other covariates

such as Charlson comorbidity index, age, dysphagia screen (or time to dysphagia screen). In the bottom figure, stroke severity has higher importance than Charlson

comorbidity index, dysphagia, and age.

DISCUSSION

The key finding of this study was that stroke severity plays
a critical role in post-stroke pneumonia. The Shapley value
regression, based on ideas in co-operative game theory, showed
that stroke severity had higher contribution to the variance
of the data than that provided by dysphagia or dysphagia
screen. Importantly, post-stroke pneumonia developed among
patients who were kept NBM in our study. These findings
emphasized that other factors not measured here contributed to
the development of pneumonia. Factors not measured in this
retrospective analysis and which could explain the findings are
the relationship between stroke severity, immunosuppression,
and pneumonia (25).

Post-stroke immune dysfunction has been associated with
increasing volume of the infarct (from inflammatory cascade)

and stroke severity (26). Immunosuppression, mediated in part
by the sympathetic nervous system, may be the body’s response
to dampen the inflammatory response within the brain (25), but
the unintended consequence is an increased risk of infection
such as pneumonia (27). Recently researchers have described
translocation and dissemination of commensal gut bacteria as
novel pathway for post-stroke pneumonia (28). The bacterial
dosage necessary to cause post-stroke pneumonia in animal with
experimental stroke can be very small (29); this bacterial effect
on animal model stroke was attenuated by the use of beta-
blocker (block sympathetic nervous system). Consistent with
this, researchers using the VISTA-Acute database have described
a reduction in pneumonia with use of beta-blocker either before
or after stroke onset (30). These findings may explain in part
our findings that stroke severity (Figure 4) and not dysphagia
screen was a major driver in post-stroke pneumonia in this
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FIGURE 2 | Classification tree for Pneumonia. Pneumonia can be classified on

the basis of stroke severity with threshold at National Institute of Health Stroke

Scale >13. The frequency of pneumonia was 0.28 among those with higher

stroke severity and was 0.025 lower among those with lower stroke severity.

FIGURE 3 | Dysphagia screen on weekend and week day vs. Pneumonia.

There was no statistical difference in the pneumonia rate between weekday vs.

weekend admission.

cohort. Furthermore, these findings support those of a systematic
review in which there was lack of impact by dysphagia screen in
preventing post-stroke pneumonia (15, 16).

The role of dysphagia screen appeared to make intuitive
sense, since avoiding oral food intake in patients with ineffective
swallow theoretically prevent them from inadvertently inhaling
food. Yet, performing dysphagia screen and keeping patients
NBM on hospital admission in this study did not prevent them
from having pneumonia. This point, that pneumonia occurred
more often in patients kept NBM, is not often discussed in other
studies (11, 31). Consistent with our findings, other investigators
have described pneumonia occurring among patients with
percutaneous endoscopic gastrostomy (6), nasogastric feeding
(3), and contemplated the use of metoclopramide to prevent
aspiration among these patients (32). These studies suggested
that there are hidden factors at play in the development of
pneumonia.

An important difference between our study and those of
others is that our study was performed in one tertiary referral

FIGURE 4 | Importance of stroke severity and Pneumonia. There was

difference in pneumonia between the group with severe stroke (National

Institute of Health Stroke Scale >13) vs. the group with less severe stroke. The

risk of pneumonia occurred in the first 2 days and then the risk of pneumonia

plateaued between the two groups.

center. In contrast, other studies comprised audit data from large
numbers of hospitals but have missing NIHSS in unavailable
in a quarter (11) to half (33) of the patients. The authors
consequently used level of consciousness (11) or other clinical
variables (33) as a proxy for stroke severity in the regression
analyses. The authors surmised that “having complete data on
stroke severity may have strengthened the study” (11). Further,
there was imbalance between the groups in terms of the stroke
severity and making interpretation of the results difficult (33).
It is also likely that there were differences in hospital practices
which may account for differences in outcome but that this
variable was not accounted for in the analysis. With a much
larger database of patients, North American investigators from
Get with the Guidelines found that the relationship between
pneumonia and dysphagia screen was confounded by stroke
severity as measured by NIHSS (31). This analysis was performed
to assess the significance of the relationship between screening for
dysphagia and pneumonia, but not to assess the strength of the
relationship between dysphagia screen, NIHSS, and pneumonia;
to do so would require a much different approach to traditional
regression analysis. The different statistical approach is detailed
below.

In this study we had used a variety of statistical tool to
illustrate the key findings. In particular, we used ideas from game
theory relating to fair distribution of profit in coalition games;
the coalition (co-operative) game in this case can be interpreted
as contribution of the covariates to the model (21). The Shapley
value regression method calculates the marginal contribution of
each covariate as the average of all permutations of the coalition
of the covariates containing the covariate of interest minus the
coalition without the covariate of interest. The advantage of
this approach is that it can handle multicollinearity (relatedness)
among the covariates (23); fortunately the regression diagnostics
(variance inflation factor) did not show evidence of collinearity
in this sample. A drawback of Shapley value regression is that
there are no reports on odds ratio; rather the description is that
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of the proportional contribution of the covariates to the model
(34). This method can be performed manually for small number
of predictors with ease but can become computational difficult
for very larger number of predictors due to the calculation of
permutations of the covariates.

We supplement this analysis by performing conditional
decision tree analysis. This method has similarity to clinical
pathway and ease of understanding by clinicians (35). A typical
decision tree resembles a logical flow chart diagram (2). The tree
is grown using a “divide and conquer” strategy, with repeated
partitioning of the original data into smaller groups (nodes) on
a yes or no basis. Our approach is superior to CART method
because that method uses information criterion for partitioning
and which can lead to overfitting (36). The scenario of overfitting
describes model which works well on training data but less so
with new data. The conditional approach by party is less prone to
overfitting as it includes significance testing (24). In this analysis,
the area under to ROC curve for stroke severity as a tool for
discriminating between pneumonia and no pneumonia can be
classified as excellent (37). The fact that we found no significant
difference in the results for those partitioned into training and
testing groups supported the stability of our model. The critical
threshold for pneumonia in this study was around NIHSS of 14.

LIMITATIONS AND STRENGTHS

This is a retrospective study from a single institution consisting
of patients over a 12-month period. One advantage of a single

center approach is that we have a known path for management
of swallowing compared to an audit where the type of swallowing
assessment is not known (11). The frequency of pneumonia in
our study was similar to that in other studies in North America
(unscreened 4.2%, screen and passed 2%, screened and failed
6.8%) (33), England (8.7%) (11), and Virtual International Stroke
Trials Archive/VISTA cohort (8.2%) (30). While the sample here
comprises several hundred of patients, it is still much smaller
than other multicenter audits (11, 38); as such, our results should
be considered as preliminary at this stage. While we have split
our data into training and validation set, others may not consider
this to be sufficient method for validation of the model. As such
we seek validation in databases such as VISTA-Acute in future
studies.

CONCLUSION

Stroke severity rather than dysphagia or dysphagia screen
plays critical role in determining the risk of post stroke
pneumonia in this cohort. We cannot exclude the possibility
that the use of dysphagia screen had minimized the
impact of dysphagia on development of pneumonia in this
cohort.
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