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Abstract

Objective: To identify post-discharge outcome phenotypes and risk factors for poor outcomes
using insurance claims data.

Design: Retrospective cohort study
Setting: Single quaternary center

Patients: Children without pre-existing tracheostomy who required = 3 days of invasive
mechanical ventilation, survived the hospitalization, and had post-discharge insurance eligibility in
Colorado’s All Payer Claims Database.

Interventions: None
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Measurements and Main Results: We used unsupervised machine learning to identify
functional outcome phenotypes based on claims data representative of post-discharge morbidities.
We assessed health trajectory by comparing change in number of insurance claims between
quarters 1 and 4 of the post-discharge year. Regression analyses identified variables associated
with unfavorable outcomes. The 381 subjects had median age 3.3 years (interquartile range 0.9,
12) and 147 (39%) had a complex chronic condition. Primary diagnoses were respiratory (41%),
injury (23%), and neurologic (11%). We identified three phenotypes: lower morbidity (n=300),
higher morbidity (n=62), and 1-year non-survivors (n=19). Complex chronic conditions most
strongly predicted the non-survivor phenotype. Longer PICU stays and tracheostomy placement
most strongly predicted the higher morbidity phenotype. Patients with high but improving
post-discharge resource use were differentiated by high illness severity and long PICU stays.
Patients with persistently high or increasing resource use were differentiated by complex chronic
conditions and tracheostomy placement.

Conclusions: New morbidities are common after prolonged mechanical ventilation. Identifying
phenotypes at high risk of post-discharge morbidity may facilitate prognostic enrichment in
clinical trials.

Keywords

critical care outcome; intensive care units, pediatric; unsupervised machine learning; child;
administrative claims, healthcare; respiratory failure

Introduction

Each year, nearly 97,000 children are cared for in U.S. Pediatric Intensive Care Units
(PICUs) (1). PICU mortality rates approximate 2%, leading researchers, clinicians, and
families of PICU survivors to call for increased attention on long-term morbidities following
critical illness, termed Post-Intensive Care Syndrome-pediatrics (PICS-p) (2-10). Improved
ability to identify patients at high risk for post-discharge sequelae could allow for targeting
of interventions within the PICU or immediately post-discharge and inform provider and
family expectations of post-discharge morbidities.

A systematic understanding of post-discharge functional outcomes and healthcare needs

is challenged by fragmented healthcare databases and delivery systems, incomplete study
enrollment and losses to follow-up, and high resource requirements for prospective
longitudinal studies. To overcome these challenges, we identified a cohort of children

who survived a hospitalization for acute respiratory failure and linked their hospitalization
records to post-discharge insurance claims. Our primary aim was to identify novel
claims-based outcome phenotypes reflective of post-discharge functional status using an
unsupervised machine learning approach. Our secondary aim was to evaluate recovery
trajectory based on frequency of claims during the post-discharge year. Lastly, we identified
patient and hospitalization factors predictive of outcome phenotype and health trajectory. We
hypothesized that patients could be grouped into functional outcome phenotypes identifiable
by patient and hospitalization characteristics.
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Materials and Methods

The study received a waiver of consent from Colorado’s Multiple Institutional Review Board
(Protocol #18-0488).

We conducted this study at an urban, quaternary children’s hospital that serves as a 7-state
referral center with 32—-48 PICU beds (summer-winter) and a separate cardiac ICU. Using
our Virtual Pediatric Systems database (11), we identified children without a tracheostomy
who survived a PICU hospitalization between January 1t, 2013 and December 315, 2016
during which they required invasive mechanical ventilation for at least 3 days. Next, we
obtained insurance claims and death data from the University of Colorado’s electronic data
warehouse, which maintains a linkage for our health system’s patients with the Colorado
All Payer Claims Database (APCD) and the state death registry. We collected claims data
for patients with insurance eligibility in the APCD for any duration within the 12 months
post-discharge. We also collected pre-admission claims within the 13 months to 1 month
prior to hospital admission. We categorized claims using previously established methods
(12, 13) (Table E1).

We collected patient and hospitalization characteristics from the electronic health record
(EHR) and our site’s Virtual Pediatric Systems database (Figure 1). We identified
comorbidities by chart review and categorized patients based on the Pediatric Medical
Complexity Algorithm as having a pre-existing complex chronic condition (CCC),
non-complex chronic condition, or no chronic condition (14). Acute Respiratory
Distress Syndrome (ARDS) was defined using the Berlin definition and identified

by a detection system embedded within our site’s EHR (15-17) (Table E2). A
complicated PICU stay was defined as receipt of continuous renal replacement therapy,
extracorporeal membrane oxygenation, in-hospital cardiopulmonary resuscitation, high-
frequency oscillatory ventilation, or a tracheostomy. Additional methodological details are
provided in the supplement.

Statistical Analysis

We used partitioning around medoids, an unsupervised machine learning approach, to
classify patients into distinct, non-overlapping clusters (phenotypes) with similar patterns

of healthcare utilization based on 32 feature variables (e.g., hospital readmissions, outpatient
claims, death) (Table E3) (13, 18). We determined cluster membership by minimizing

the distance that defines dissimilarities (Gower dissimilarity matrix) between individuals
assigned to each cluster (19, 20). In a separate analysis, we categorized health trajectory
groups based on frequency of claims in each quarter of the post-discharge year as: low
(fewer than 20 claims in any quarter), decreasing (quarter 4 [Q4]: quarter 1 [Q1] > 20%
decrease), increasing (Q4:Q1 > 20% increase) or high static (Q4:Q1 < 20% change and more
than 20 claims in a quarter).

We evaluated predictors of phenotype and health trajectory group using elastic net
regularized logistic regression with 10-fold cross-validation to select the model with

the minimum cross-validation error (Table E4). Models identified characteristics that
distinguished each group in reference to the remaining cohort. Using the variables selected
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by the elastic net procedure, we used logistic regression and the Firth adjustment to make
inferences and calculate the area under the receiver operating curve (AUROC) (21, 22).
Analysis details are provided in the supplement.

Of the 633 patients meeting inclusion criteria, 381 (60%) linked to records in the APCD.
APCD-matched patients were more likely to have non-complex chronic conditions (14%
versus 6%) than APCD-unmatched patients, although the proportion of patients with CCCs
was the same (39%) (Table E5). More of the APCD-matched patients had complicated PICU
stays (17% versus 11%, p=0.03) and died during the post-discharge year (19 [5%] vs 3 [1%],
p=0.02).

In the matched cohort of 381 patients, median age was 3.3 years (IQR 0.9, 12.3), 152 (40%)
were female, and 147 (39%) had a pre-existing CCC (Table E5). The most common primary
diagnoses were respiratory (41%), injury (23%) and neurologic (11%). More than half of
the patients had moderate (n=106, 28%) or severe (n=135, 35%) ARDS. Patients required
a median of 6.7 days (IQR 4.6, 9.9) of invasive mechanical ventilation. Durations of PICU
and hospital stays were 10 (IQR 7, 15) and 22 (13, 43) days, respectively. Immediately
following the hospitalization, 167 (44%) patients required durable medical equipment,
most frequently in the feeding (30%) and respiratory (25%) domains (Table E6). During
the year after discharge, 19 (5%) patients died, 126 (33%) were readmitted, 202 (53%)

had an Emergency Department visit, and 272 (71%) had an outpatient pulmonary visit
(Table E7). Respiratory (70%) domain was most frequently affected followed by feeding/
communication (57%), neurologic (49%), and mobility (32%). Overall, health resource use
was above pre-admission baseline across all domains during the months after discharge
and decreased during the post-discharge year (Figure 2a, Figure E1). Claims immediately
following discharge were similarly high (90%) for patients with and without pre-existing
chronic conditions (Figure 3). However, in patients with a pre-existing CCC, this high

rate of claims was similar to pre-admission baseline. In previously healthy patients, the
recovery trajectory was characterized by a decline in health resource use during the post-
discharge months with a plateau above their pre-admission baseline. A similar path was
demonstrated by patients with a pre-existing non-complex chronic condition, although with
greater variability throughout the post-discharge year.

Outcome Phenotypes

Using post-discharge claims, we identified three distinct patient phenotypes (Table ES8).
Broadly, the lower morbidity phenotype included more than 75% (n=300) of the cohort

and had the lowest rates of health resource use during the post-discharge year. The higher
morbidity phenotype included the 62 (16%) patients with the most health resource use

and the 1-year non-survivor phenotype included the 19 (5%) patients who died during the
post-discharge year. The pattern of health resource use was particularly evident in rates

of hospitalization (lower morbidity: 20%, higher morbidity: 90%, non-survivors: 47%) and
Emergency Department visits (lower morbidity: 43%, higher morbidity: 97%, non-survivors:
63%). Across all phenotypes, most patients had an outpatient pulmonary visit after discharge
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(71%). However, the median number of pulmonary visits per patient for the higher morbidity
phenotype far exceeded the other phenotypes (lower morbidity: 1 [IQR 0, 4], higher
morbidity: 13.5 [IQR 8, 18], non-survivors: 3 [IQR 0, 12.5]). This was mirrored in the
respiratory and tracheostomy durable medical equipment claims (Table E7). Medications
filled after discharge showed a similar pattern with all higher morbidity phenotype patients
having a medication claim versus 76% and 79% of the lower morbidity and non-survivor
phenotypes, respectively. Additionally, the frequency of medication claims per patient

was far greater in the higher morbidity phenotype (Table E7). Domain-specific health
resource use (the composite of all domain-specific claims data) showed high morbidity rates,
elevated above baseline, across all 3 phenotypes (Figure 2b and 2c). Feeding/communication
and neurologic morbidities were prevalent in nearly all patients in the higher morbidity
phenotype, more than half of the patients in the non-survivor phenotype, and more than

a quarter of patients in the lower morbidity phenotype. In the lower morbidity phenotype,
respiratory morbidities were present in 190 (63%) patients compared with 32% of patients
with pre-admission data. This suggests a high rate of new respiratory morbidity even
amongst the lower morbidity cohort. The mobility domain was less frequently affected but
showed morbidity rates of 25-63% across the phenotypes.

We performed univariable analyses to test for characteristics associated with phenotype
membership (Table E9). In multivariable analyses, patient, admission, and hospitalization
characteristics contributed to model accuracy across all three models (Table E10). The
models most accurately discriminated patients in the non-survivor phenotype (AUROC
0.87 [95% CI: 0.82, 0.93]) and the most strongly predictive characteristic was having a
pre-existing CCC. The models also showed good discrimination for the lower morbidity
phenotype (AUROC 0.80 [95% CI 0.75, 0.85]). The characteristics that most strongly
predicted membership in the lower morbidity phenotype were patient (lack of a CCC
and non-Hispanic ethnicity), admission (lower PIM2 score), and hospitalization (lack of
tracheostomy placement) factors. The model showed lower discrimination for the higher
morbidity phenotype (AUROC of 0.67 [95% CI: 0.59, 0.74]). Hospitalization factors
(tracheostomy placement and longer PICU stays) most strongly predicted membership in
this phenotype.

Health Trajectories

Next, we evaluated claim frequency during the post-discharge year in the 316 (83%) patients
who had complete (= 12 months) post-discharge APCD eligibility (Table E11). Based on
claims frequencies, we defined four health resource use groups: low static (n=124, 39%),
decreasing (n=111, 35%), high static (n=49, 16%), and increasing (n=32, 10%) (Figure 4).
Relative to the pre-admission year, all groups except the low static group had a higher
average number of claims relative to their pre-admission baseline during the months after
discharge. However, the claim trajectories differed. Patients in the decreasing group had
claim frequencies immediately following discharge that were approximately double that of
pre-admission baseline and the claim frequencies approximated baseline levels by the end
of the post-discharge year. Patients in the high static and increasing groups had higher
claim frequencies relative to their pre-admission baseline and this higher rate persisted
during the post-discharge year. Among those with changing resource needs (decreasing
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and increasing groups), the change in resource use was displayed across domains (Figure
5, Table E12). Patients with increasing use had higher quarter 4 claim frequencies in the
feeding/communication and respiratory domains with smaller increases in neurologic and
mobility domains.

We performed univariable analyses to evaluate characteristics associated with health
trajectory group (Table E13). In multivariable analyses, patient, admission, and
hospitalization factors contributed to model accuracy across all three groups (Table E10).
The models most accurately predicted membership in the low static group (AUROC 0.83
[95% CI: 0.78, 0.87]). Characteristics that most accurately predicted low static resource
use were patient (female sex, lack of pre-existing CCC) and hospitalization (lack of
tracheostomy placement and shorter PICU stay) factors. The models had good accuracy for
discrimination of the high static or increasing group (AUROC 0.72 [95% CI: 0.66, 0.79]).
Characteristics that most accurately predicted high static or increasing group membership
were patient (pre-existing CCC) and hospitalization (tracheostomy placement) factors. The
models less accurately predicted patients with decreasing health resource use (AUROC
0.66 [95% CI: 0.60, 0.73]). Characteristics that most accurately predicted decreasing health
resource use were admission (higher PRISM score, lack of a primary injury diagnosis) and
hospitalization (longer PICU stay) factors.

Discussion

In this study of critically ill and injured children who required at least 3 days of

invasive mechanical ventilation, insurance claims data indicate high rates of post-discharge
healthcare needs. This includes high rates of hospital readmission, Emergency Department
visits, and post-discharge morbidities. An unsupervised machine learning approach
identified three distinct phenotypes: 1) lower morbidity, 2) higher morbidity, and 3)

1-year non-survivors. Membership in these phenotypes and health trajectory phenotypes
were predicted by a combination of patient, admission, and hospitalization characteristics.
Additionally, both resolution and acquisition of morbidities tracked across domains. These
results suggest that an identifiable subset of critically ill children at high risk of post-
discharge morbidities may facilitate prognostic enrichment in clinical trials aimed at
decreasing long-term morbidities.

Unsupervised machine learning identified three distinct outcome phenotypes. The non-
survivor phenotype likely represents patients for whom the index hospitalization was a

step along a path of downward decline, ultimately resulting in death. This phenotype nearly
universally had pre-existing CCCs and presented with high illness severities. Of note, the
non-survivor phenotype had fewer patients with health resource use in each domain relative
to the higher morbidity phenotype. This may be reflective of a shortened follow-up duration
due to death. The higher morbidity phenotype represents an intermediate cohort, most with
pre-existing CCCs and high illness severities, but with a higher-intensity PICU experience
including more complicated and longer PICU stays. Although duration of PICU stay may
be primarily driven by non-modifiable patient and illness characteristics (23-27), adult
studies aimed at decreasing durations of mechanical ventilation have successfully lessened
exposure to the potentially toxic environment of the ICU and pediatric studies aimed at
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similar objectives are underway (28-33). Lastly, the lower morbidity phenotype represents
the cohort expected to have the best outcomes based on the lack of pre-existing chronic
conditions and lower illness severity. Despite this, across all domains, 25-63% of these
patients suffered morbidities. In summary, each outcome phenotype may benefit from a
distinct approach to mitigate morbidities.

Studies evaluating PICS in adults identify age, severity of illness, and length of ICU stay

as predictors of impairment severity while separating pre-existing chronic conditions as
predictors of recovery trajectory (34). Our data suggest similar patterns exist in PICS-p, as
pre-existing CCCs are key drivers of unfavorable health trajectories. Additionally, our results
suggest that hospitalization factors (illness severity, PICU length of stay) identify patients
with potentially recoverable morbidities as demonstrated by the decreasing resource use
during the post-discharge year. Additionally, health trajectory was pervasive across domains.
For example, in those with an improving trajectory, morbidity rates decreased by nearly
50% across all domains between the first and fourth quarters of the post-discharge year

and a similar pattern but inverse direction occurred in the cohort with increasing resource
use. The significant overlap of domain morbidities may be more pronounced in PICS-p
compared to adult PICS because children experience ongoing growth and development

with a morbidity in one domain affecting ongoing development across other domains. For
example, a child with a respiratory morbidity may have less capacity to engage in play,
limiting their physical, cognitive, and socioemotional development.

Leading researchers in adult critical care and PICS have highlighted the adult ICU

survivor as a medically complex patient who requires multidisciplinary care with a

focus on the transition between the ICU and the medical home to optimize recovery

(35). Pediatric studies also support targeted interventions in these complex patients
involving multidisciplinary outpatient care to decrease subsequent hospitalizations (36—

39). In addition to medical care, efforts extending beyond the medical home to include
individualized schooling, emotional and psychiatric support, and family support may further
facilitate an optimal environment for recovery. Additionally, studies should assess whether
duration of time spent in recovery permanently alters developmental trajectory.

This study is limited by its single center design and missing data as 40% of patients did

not match in the APCD. While this introduces a potential for bias, our follow-up cohort

is likely representative of the general PICU population, as it does not rely on patient or
family engagement for enrollment or post-discharge data collection. Additionally, inpatient
characteristics were similar between APCD-matched and -unmatched subjects except that
the unmatched patients had fewer non-complex chronic conditions, complicated PICU
stays, and post-discharge deaths. Post-discharge deaths may be underrepresented as reliable
data collection was only available within Colorado. Patient characterization was limited

to presence or absence of a CCC without notation of type or number of CCCs and we

are unable to characterize social disadvantage, both of which may affect outcomes. The
study hospital serves a broad population and, while this likely represents health resource
use patterns across Colorado particularly Medicaid insured patients which account for 60%
of pediatric hospitalizations, additional studies are needed to determine generalizability
both graphically and by existence and type of insurance (40). While claims data are likely
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to identify most significant morbidities, some morbidities and their recovery/deterioration
trajectory may be missed due to poor healthcare access or discontinuation of services not
resulting in improvements. Importantly, our data do not include mental health services,
limiting neurologic/psychiatric morbidities to medication data.

Conclusions

As identified using state all payer claims insurance data, reducing morbidities and improving
health trajectory may be targetable outcomes for interventional trials of PICU or post-
discharge therapies. Prognostic enrichment using clinical phenotypes at high risk of
morbidity identified by high illness severity and longer, more complicated PICU stays may
enhance trial design. Optimizing outcomes will require accounting for complex interactions
between pre-existing patient factors such as chronic conditions that are linked to health
trajectory and hospitalization characteristics associated with new morbidities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.

Health resource use during the year before admission and after discharge. A) Percent of
subjects with at least 1 claim in a domain category during each 1-month period before
admission and after hospital discharge; B) Percent of subjects in each phenotype with at
least one claim in the domain category during the year before hospital admission (13 months
to 1 month prior to admission). C) Percent of subjects in each phenotype with at least one
claim in the domain category during the year after hospital discharge.
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Figure 3.

Percent of subjects with at least 1 claim in a domain category during each 1-month
period before admission and after hospital discharge, stratified by pre-existing Pediatric

Medical Complexity Algorithm category: A) CCC: complex chronic condition, B) NCCC:
non-complex chronic condition, C) No pre-existing chronic conditions.
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Figure 4.
Resource use trajectory based on claims during the year before admission (13 months to 1

month prior to admission) and after discharge. Dotted lines are individual trajectories, and
solid line is the average number of claims across patients at each quarter.
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Percent of subjects in each health resource use group with at least one claim in the domain
category during the quarter of the preadmission year proximal to the index admission
(months -1 to —4) and quarters 1 and 4 of the post-discharge year.
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