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Abstract

The objective of this analysis was to update trends in LOS and costs by survivorship and ECMO use among neonates with
hypoplastic left heart syndrome (HLHS) undergoing stage 1 palliation surgery using 2016 data from the Healthcare Cost and
Utilization Project Kids’ Inpatient Database. We identified neonates <28 days old with HLHS undergoing Stage 1 surgery,
defined as a Norwood procedure with modified Blalock—Taussig (BT) shunt, Sano modification, or both. Multivariable
regression with year random effects was used to compare LOS and costs by hospital region, case volume, survivorship,
and ECMO vs. no ECMO. An E-value analysis, an approach for conducting sensitivity analysis for unmeasured confound-
ing, was performed to determine if unmeasured confounding contributed to the observed effects. Significant differences
in total costs, LOS, and mortality were noted by hospital region, ECMO use, and sub-analyses of case volume. However,
other than ECMO use and mortality, the maximum E-value confidence interval bound was 1.71, suggesting that these dif-
ferences would disappear with an unmeasured confounder 1.71 times more associated with both the outcome and exposure
(e.g., socioeconomic factors, environment, etc.) Our findings confirm previous literature demonstrating significant resource
utilization among Norwood patients, particularly those undergoing ECMO use. Based on our E-value analysis, differences
by hospital region and case volume can be explained by moderate unobserved confounding, rather than a reflection of the
quality of care provided. Future analyses on surgical quality must account for unobserved factors to provide meaningful
information for quality improvement.
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Introduction

According to the Centers for Disease Control and Pre-
vention (CDC), hypoplastic left heart syndrome (HLHS)
affects one of every 4344 infants born each year, or
approximately 2-3 cases per 10,000 live births in the
USA (960 births per year) [1]. While there is no correc-
tive treatment for HLHS, patients undergo a three-stage
surgical approach to provide a unique circulatory blood
flow to the heart and lungs [2]. Stage 1 palliation surgery
(Norwood procedure) establishes systemic blood flow
from the single right ventricle and pulmonary blood flow
from the right ventricle or through an arterial shunt. The
subsequent surgical stages result in a unique circulation
of direct passive venous return to the lungs and a sin-
gle right heart chamber pumping systemic blood flow to
the body. Despite improved survival with surgery, these
patients experience significant morbidity and mortality
associated with their condition [3-7]. Studies of resource
utilization among Norwood patients in nationally repre-
sentative samples have shown that these patients incur sig-
nificant cost and length-of-stay (LOS) burdens with mixed
survival outcomes dependent on factors such as hospital
volume, teaching vs. nonteaching hospitals, surgeon vol-
ume, and geographic region [8—16]. In addition, studies do
not consistently report extracorporeal membrane oxygena-
tion (ECMO) use in the Norwood population, an important
driving factor of cost and LOS, or had a small sample size
[17-19]. Unsurprisingly, ECMO use is associated with an
increased risk for death [20] with a survival rate of just
36% in Stage 1 Norwood patients utilizing ECMO sup-
port [21]. Additional factors may also affect cost, LOS,
and mortality outcomes. In this paper, we update previous
analyses on HLHS neonates undergoing Stage 1 palliation
surgery and focus on differences in healthcare resource
utilization and the role of ECMO between in-hospital sur-
vivors and non-survivors, as well as validate previous find-
ings on predictors of LOS and cost. We further quantify
the extent to which unmeasured factors may explain these
differences and predictors using a novel statistic called
the E-value.

Methods

We analyzed the Health Care Cost and Utilization Project
(HCUP) Kids’ Inpatient Database (KID) data from 2003,
2006, 2009, 2012, and 2016. Every 3 years, the KID col-
lects a national cross-sectional sample of inpatient dis-
charges for patients <20 years of age from more than
4100 hospitals in the USA, including community-based,

non-rehabilitation, and stand-alone pediatric hospitals
from 44 states. Discharge weights are provided by HCUP
to convert sample values into national estimates of inpa-
tient visits. HCUP collects data on total charges billed to
CMS for a hospital encounter, and these are converted to
costs using the HCUP Cost-to-Charge Ratio Files, which
are specific to year, database, and adjusted for area wage
index and hospital characteristics, including state, urban/
rural, investor-owned/other, and number of beds [22]. We
chose to focus on the time period starting in 2003 due
to the significant improvements in surgical technique and
outcomes resulting from palliative surgery starting in the
early 2000s, and because the charge-to-cost multiplier for
KID is only available from 2003 onwards [5, 17, 22, 23].

We identified neonates <28 days diagnosed with HLHS
using ICD9 code 746.7 or ICD10 code Q234. Surgical
admissions were identified as Stage 1 Norwood with Bla-
lock-Taussig (BT) shunt (ICD-9-CM code 39.0 and all cor-
responding ICD-10-PCS codes), Sano modification (SANO)
(ICD9 code 35.92 and all corresponding ICD10 codes), or
with both BT shunt and Sano modification. Because of
concerns about inaccurate ICD10 coding of shunt type, we
did not include this as a separate covariate in our primary
analyses, but we performed a subsequent sensitivity analy-
sis to test the effect of shunt type on cost and LOS. We did
not include other types of Stage 1 palliative surgery besides
Norwood because these were not reliably identifiable using
ICD codes. We also focused only on the first stage because
the KID does not report patient data longitudinally, and thus
limits the ability to track patients’ subsequent surgeries to
model their long-term outcomes.

Patient demographics including gender, race/ethnicity,
insurance type, income quartile based on family median
income, complex chronic conditions, and comorbidities
were examined as predictors of LOS and total hospital
cost per encounter (Table 1). Per HCUP, the variable for
median income provides a quartile classification derived
from annual ZIP code-demographic data [24]. Additional
clinical variables such as gestational age and birthweight
were not included due to the high proportion (>90%)
of missing data for each variable in the KID. Insurance
type was stratified as either government (Medicare/Med-
icaid), private (including HMO), or other (self-pay, no
charge, worker’s compensation, CHAMPUS, CHAMPVA,
and other government programs). Hospital LOS was ana-
lyzed as a continuous variable. Total hospital costs were
adjusted to 2016 US dollars based on the Medical Con-
sumer Price Index from the US Bureau of Labor Statis-
tics. Patient comorbidities included heterotaxy, chromo-
somal abnormalities, and congenital syndromes consistent
with the comorbid conditions reported in the Society for
Thoracic Surgeons (STS) database, and considered via
expert and literature review to be the most relevant to or
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Table 1 Demographics for sample by year, N (%)

Total (N=2872) 2003 (N=413) 2006 (N=548) 2009 (N=542) 2012 (N=723) 2016 (N=646) p-value

Gender
Male 1784 (62.1) 275 (66.4) 332 (60.8) 327 (60.4) 430 (59.4) 420 (65.0) 0.07
Female 1087 (37.9) 139 (33.6) 214 (39.2) 215 (39.6) 293 (40.6) 226 (35.0)
Race/ethnicity
White non- 1285 (56.5) 156 (54.7) 226 (60.8) 246 (54.0) 341 (54.5) 315 (59.2) <0.004
Hispanic
Black non-His- 270 (11.9) 25 (8.9) 36 (9.8) 44.8 (9.8) 107 (17.1) 57 (10.7)
panic
Hispanic 467 (20.5) 64 (22.4) 80 (21.5) 106 (23.3) 111 (17.7) 106 (19.9)
Other” 251 (11.1) 40 (14.0) 30(7.9) 59 (12.9) 68 (10.7) 55 (10.3)
Payer type
Government 1442 (50.3) 185 (44.9) 282 (51.4) 286 (52.8) 374 (51.7) 316 (48.9) 0.05
Private insurance 1196 (41.7) 194 (47.2) 222 (40.4) 227 (41.9) 285 (39.4) 268 (41.5)
Other 232 (8.0) 33(7.9) 45 (8.2) 29 (5.3) 64 (8.9) 62 (9.6)
Hospital region®
Northeast 44 (14.4) 74 (18.0) 50(9.2) 84 (15.5) 107 (14.8) 98 (15.2) <0.001
Midwest 840 (29.3) 135 (32.6) 204 (37.3) 179 (33.0) 183 (25.3) 140 (21.6)
South 796 (27.7) 65 (15.7) 101 (18.4) 85 (15.8) 288 (39.9) 256 (39.6)
West 823 (28.6) 140 (33.7) 192 (35.1) 193 (35.7) 145 (20.0) 152 (23.6)
Norwood procedure case volume
<11 793 (27.6) 76 (18.4) 91 (16.6) 115 (21.2) 279 (38.5) 232 (36.0) <0.001
11-25 854 (29.7) 102 (24.7) 119 (21.7) 115 (21.2) 276 (38.1) 242 (37.4)
>25 1225 (32.7) 235 (56.9) 338 (61.6) 312 (57.6) 169 (23.4) 172 (26.6)
Number of
complex chronic
conditions
(CCCs)*
1 1554 (54.1) 309 (74.7) 391 (71.4) 318 (58.7) 349 (48.3) 186 (28.8) <0.001
2 851 (29.6) 82 (19.9) 133 (24.3) 143 (26.5) 237 (32.8) 254 (39.4)
3+ 467 (16.3) 22 (5.4) 24 (4.3) 80 (14.8) 136 (18.9) 205 (31.8)
Comorbidities 633 (22.0) 68 (16.4) 98 (17.8) 156 (28.3) 229 (31.6) 85 (13.2) <0.001
Extracorporeal 483 (16.8) 42 (10.2) 99 (18.0) 98 (18.1) 133 (18.3) 112 (17.3) 0.004

membrane oxy-
genation use

Mortality 550 (19.2) 117 (28.3) 130 (23.8) 101 (18.6) 108 (14.9) 91 (14.1) <0.001
Length of stay 34 (22-56) 26 (16-40) 30 (19-48) 34 (23-56) 37 (23-62) 22 (2-49) <0.001
(days); median
(IQR)
Total hospital 148,543 (93,563~ 81,281 (47,764— 105,344 (67,821- 135,828 (93,650— 188,973 231,351 <0.001
cost ($); median 247,632) 114,661) 158,192) 214,311) (116,659— (151,136~
(IQR) 333,565) 391,282)

Demographics are shown for the entire sample and broken down by year. Notably, mortality and LOS have decreased over time, while costs have
nearly tripled. Because we are evaluating a HLHS cohort, all individuals by default have at least one CCC (cardiovascular). P-values are shown
for trend across each year of the cohort

20ther race includes Asian, Pacific Islander, Native American, and mixed race combinations

bHospital region is classified as Northeast (CT, ME, MA, NH, NJ, NY, PA, RI, VT), Midwest (IL, IN, IA, KS, MI, MN, MO, NE, ND, OH, SD,
WI), West (AK, AZ, CA, CO, HI, ID, MT, NV, NM, OR, UT, WA, WY), and South (AL, AR, DE, DC, FL, GA, KY, LA, MD, MS, NC, OK,
SC, TN, TX, VA, WV)

“Complex chronic conditions are stratified by organ system based on a set of standard ICD codes; these include neuromuscular, cardiovascular,

respiratory, renal, GI, hematologic or immunologic, metabolic, other congenital or genetic condition, malignancy, and conditions originating in
the neonatal period
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associated with HLHS (Supplemental Table 1) [25]. Com-
plex chronic conditions (CCCs) were included based on
previously published guidelines, with individuals strati-
fied as having 1, 2, or 3 + conditions. Pre-operative con-
ditions were not identified as such as the HCUP does
not timestamp diagnoses. We also identified any patients
undergoing ECMO during their hospitalization with the
ICD code for ECMO use. We did not explicitly look at
outcomes by shunt type (BT vs. Sano) due to inconsist-
encies in ICD9 coding prior to 2016, and inconsistent
mapping to ICD10 codes in the 2016 data.

Hospital characteristics examined included case vol-
ume, hospital region, and hospital location (Table 2).
Case volume cutoffs were modeled after those used by
the STS database. Geographic regions were classified
as Northeast, Midwest, West and South. Per HCUP,
rural hospitals are not split according to teaching status,
because rural teaching hospitals are rare.

All analyses were completed using SAS 9.4 (SAS Insti-
tute, Cary, NC). All analyses were completed on hospital
discharges, as HCUP only identifies unique hospitaliza-
tion encounters, not patients. Pearson’s y* and Fisher’s
Exact Test were used to compare characteristics between
survivors and non-survivors and ECMO vs. non-ECMO
users. Wilcoxon’s Rank Sum Test was used to compare
continuous variables such as LOS and total hospital cost.

Finally, because we were limited to a narrow set of
observable variables available in the data, we calcu-
lated E-values for predictors of mortality and ECMO
use to determine the impact of treatment selection bias
and potential unmeasured confounding variables on our
results [26]. The E-value addresses how strong unmeas-
ured confounding would have to be to negate the observed
results by calculating a value based on: (1) the strength of
the association between an unmeasured confounder and
the exposure group, and (2) the strength and association
of the unmeasured confounder with the outcome. This is
interpreted as a relative risk ratio [26]. For example, an
E-value =2 means that an unmeasured confounder that (1)
doubles the risk of the outcome, and (2) is twice as preva-
lent in the exposed vs. unexposed group, can explain away
the observed association conditional on the observables
included in the model, regardless of a p-value indicat-
ing statistical significance [27]. Conversely, a very high
E-value relative to the point estimate may imply that the
observed effect is in fact plausible, because the strength
and association of the unmeasured confounder with the
exposure group and outcome must be very high to negate
the observed effect. E-values were calculated using the R
package “E-Value” provided by the E-value creators [27].

Results

We identified 2,872 Norwood admissions among HLHS
patients over five years (2003, 2006, 2009, 2012, 2016).
Nearly two-thirds of patients were male, and > 50% White
Non-Hispanic. The number of Norwood procedures
increased throughout our study period, with most patients
receiving their Norwood at a center performing > 11 pro-
cedures per year. The mortality rate consistently decreased
since 2003, from 28.3% to 14.1% in 2016 (p <0.001), while
the complexity of patients, as measured by number of
CCCs, increased over time. There was an overall increase
in LOS from a median of 26 days to 37 days in 2012, but
this dropped to 22 days in 2016. Despite the drop in LOS
in 2016, total encounter cost increased nearly threefold,
from a median (IQR) of $81,281 ($47,764—-114,661) in
2003, to $231,351 ($151,136-391,282) in 2016. ECMO
use also increased over time, from 10.2% of encounters in
2003 to 17.3% in 2016 (p =0.004). Patients with comorbid
conditions made up a quarter of all encounters, with the
most common comorbid condition being heterotaxy (Sup-
plemental Table 1). Because our analysis was on a cohort
of individuals with HLHS, by default all had one CCC
(cardiovascular), but nearly half had additional CCCs.
Although we did not explicitly include shunt type in our
analysis due to the limitations described in the “Meth-
ods”, we verified that there were no differences in survival
between Sano and BT shunt in all years prior to 2016. All
trends in demographics, hospital characteristics, LOS, and
costs per year of analysis are described in Table 1. Further
demographic characteristics by case volume are shown in
Supplemental Table 2.

Predictors of LOS and Costs

In multivariable analyses to evaluate predictors of LOS,
we found that compared to the Northeast, the Midwest and
South had significantly longer LOS of 7.69 (p =0.03) and
11.66 days (p =0.001) respectively, while LOS in the West
was not significantly different (Table 2, Fig. 1). Unsurpris-
ingly, ECMO use was also associated with a longer LOS
of 20.23 days (p <0.0001) and was the most significant
predictor of increased LOS along with having 3 + CCCs,
which extended LOS by 25.57 days (p <0.0001) (Fig. 1,
Table 3). In contrast, the only predictors of a shorter LOS
were having private vs. government insurance, although
this did not reach statistical significance (—4.48 days,
p=0.06), and mortality, which was associated with a
shorter LOS by 13.12 days (p <0.001). We further strati-
fied the analysis to compare ECMO vs. non-ECMO users.
Among ECMO users, mortality was highly associated with
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Table 2 (continued)

Non-survivors

Survivors

Non-ECMO

ECMO

Overall

Upper p-value  Estimate Lower Upper p-value  Estimate Lower Upper p-value  Estimate Lower Upper p-value  Estimate Lower Upper p-value
CI CI CI CI

CI

Estimate Lower

CI

CI

CI

CI

CI

—-19.72  11.04 0.58

—434

0.60

-6.40 3.69

—1.36

—6.90 3.29 0.49

-1.81

—8.51 1.52 0.17 —17.00 —-2334 934 0.40

-3.50

Comor-

bidities

ECMO

0.19

4.57

28.03 42.61 <.0001 -9.45 —23.46

35.32

<.0001
<.0001

26.50
—17.06

13.97

20.23

—48.72 -21.58 <.0001 -1.10 —8.08 5.87 0.76

—35.15

—19.18

Mortality —13.12

0.05 level. Comorbidities include chromosomal abnormalities and genetic syndromes per the STS Congenital Heart Surgery Database

Bolded numbers indicate statistical significance at the p

a shorter LOS (—35.15 days, p <0.0001), but this was not
seen in non-ECMO users. In fact, the only statistically sig-
nificant results found for non-ECMO users were hospital
region, with the Midwest and South being associated with
longer LOS (8.75 and 13.72 days, p=0.01 and p =0.0001
respectively), and having 2 + CCCs (10.46 days for 2
CCCs; 25.97 days for 3+ CCCs, p <0.0001). Case volume
significantly impacted only ECMO users, with increased
LOS of 17.09 days (p =0.04) for centers performing 11-25
procedures per year.

Finally, we stratified the LOS analysis by survivorship,
and interestingly found that ECMO use among survivors
increased LOS by 35.32 days (p <0.0001), with no LOS
effect on non-survivors. Hispanic survivors also had sig-
nificantly longer LOS than White Non-Hispanic (7.19 days,
p <0.01), but race did not have any impact on LOS in non-
survivors. Only South region and case volume significantly
impacted LOS in non-survivors; 26.38 days for the South
vs. Northeast (p =0.04), and 20.64 days for case volume
11-25 (p=0.01). No impact of case volume was found for
survivors. All LOS results are shown in Table 2.

We performed similar analyses on encounter costs. Find-
ings were similar to those for LOS, although not identical.
While there were significant increases in hospital costs for
the Midwest and South compared to the Northeast ($56,054,
p=0.01 and $49,132, p=0.02 respectively), having
3+ CCCs ($82,614, p<0.0001), and ECMO use ($161,929,
p<0.0001) as in the LOS analysis, “Other” insurance and
case volume of 11-25 were also significantly associated with
increases in encounter costs ($43,468, p=0.05 and $34,609,
p=0.02 respectively). Further stratification by ECMO use
and survivorship yielded interesting results. “Other” insur-
ance played a significant role among ECMO users and non-
survivors, with increases in costs of $234,862 (p =0.002)
and $160,336 (p=0.02) respectively; no effects of insurance
type were seen for non-ECMO users and survivors. ECMO
users with 2 CCCs or who died also experienced lower
costs, with lower costs of $110,216 (p=0.02) and $96,449
(p=0.02 respectively. However, non-ECMO users who died
experienced an increase in costs ($54,632, p=0.004), as did
those with 3+ CCCs ($78,583, p <0.0001), in contrast to the
cost decreases seen for ECMO users. All hospital regions
compared to the Northeast and case volume 11-25 were also
associated with increases in cost for non-ECMO users only.

As in the LOS analysis, Hispanic survivors also had
higher costs by $39.085 (»p=0.01). Survivors in the Mid-
west and West, but not South, also had higher costs com-
pared to the Northeast ($57,623, p=0.01 and $43,727,
p=0.03) respectively. While having 3+ CCCs and using
ECMO increased costs for survivors ($93,058, p <0.0001
and $231,961, p <0.0001 respectively), these did not impact
non-survivors; in fact, having 2 CCCs lowered costs for non-
survivors by -$101,977 (p=0.02). Finally, as with LOS, case
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(a)

Female- ——
Black Non-Hispanic race/ethnicity= ——
Hispanic race/ethnicity - —————
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Private insurance=-| ——
Other insurance= —_—r
Midwest region - —_—
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West region = ———
Household income 2nd quartile=] ———
Household income 3rd quartile=| ———
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Comorbidities
11-25 case volume -
>25 case volume -
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Black Non-Hispanic race/ethnicity=]
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Fig. 1 Predictors for LOS, cost, mortality, and ECMO use. a Predic-
tors of length of stay. b Predictors of cost. ¢ and d depict odds-ratios
for predictors of mortality and ECMO use, respectively. In all figures,
the reference group is male, White Non-Hispanic race, government

volume of 11-25 increased costs among non-survivors only
by $105,609 (p=0.02).

ECMO Use and Mortality

Demographics for ECMO use showed that race, hospital
region, case volume, and number of CCCs were significantly
different between ECMO and non-ECMO users (Table 4).
Mortality was much higher in ECMO users (55.1% vs. 11.9%
p<0.001), as was median LOS and cost (47 vs. 32 days and
$256,082 vs. $136,428, p <0.001 for both). As the KID data
are not granular enough to determine when a given comorbid
condition was noted during the hospital encounter, we were
only able to analyze general associations between various
demographic characteristics and ECMO use. We found only
that having 3 +CCCs increased the likelihood for ECMO use
(OR1.81, p=0.004). Comorbidities as defined by STS did
not have any effect on ECMO. Hospital region also signifi-
cantly predicted ECMO use; compared to the Northeast, the
Midwest and South were associated with OR 1.88 (p=0.02)
and OR 1.91 (p =0.02) for ECMO use respectively. Only
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insurance, Northeast, household income 1st quartile, no comorbidi-
ties, < 11 cases per year, and 1 CCC. Precise values for each figure are
given in Tables 2, 3 and 4

Hispanic race and being in the 3rd income quartile were
associated with less ECMO use, OR 0.66 (p=0.01) and OR
0.82 (p=0.04) respectively.

In the mortality model, demographics were overall simi-
lar between survivors and non-survivors except gender, race/
ethnicity, and ECMO use. ECMO use was most strongly
associated with an increased odds of death, OR 12.84
(»<0.0001). Although weaker, associations were also found
with female gender (OR 1.34, p=0.03), “Other” race/eth-
nicity (OR 1.82, p=0.05), and having 3+ CCCs (OR 1.41,
p=0.02). Interestingly, having just 2 CCCs was associated
with a lower odds for mortality, OR 0.89 (p =0.05). Finally,
high case volumes > 25 procedures/year were associated
with significantly lower mortality, OR =0.56 (p=0.01). All
demographics and results of the ECMO and mortality analy-
ses are shown in Table 4.

E-Value Analysis

Due to HCUP data being limited to a small number of
observable covariates that are consistently reported, we
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Table 3 (continued)

Non-Survivors

Survivors

Lower CI Upper CI p-value Estimate Lower CI Upper CI p-value

Estimate

Ref.

Ref.

<11

0.02
0.26

$193,110

$18,108

$105,609
$58,694

0.10
0.99

$51,160

—$4,561
—$32,360

$23,300
$162

11-25
>25

$161,880

— $44.,492

$32,685

Number of CCCs

Ref.

Ref.

0.02
0.89
0.69
0.51

—$14,655

—$189,299
~$105,059
—$99,304
— $49,804

—$101,977
—$7,044

~$13,123 $37,604 0.34
$126,262

$59,855

$12,240
$93,058

$90,971

<.0001
0.52

3+

$65,378

—$16,963
$25,007

$18,513
$272,617

—$36,896
$191,305

~$9,191
$231,961

Comorbidities
ECMO

$99,817

<.0001

Mortality

0.05 level. Comorbidities include chromosomal abnormalities and genetic syndromes per the STS Congenital Heart Surgery Database

Bolded numbers indicate statistical significance at the p

calculated E-values using the odds-ratios from our multi-
variable models for ECMO and mortality to determine how
much unmeasured and unobservable confounders may have
impacted our results (Table 4). Specifically, we found low
E-values for covariates that had significant p-values for mor-
tality, including number of CCCs and gender, with E-values
of 1.66 (CI 1) for 3+ CCCs, and 1.58 (CI 1.16) for female
gender. This suggests that the number of CCCs and gender
do not necessarily explain mortality, despite an OR 1.41
(p=0.02). Similarly, the E-value for case volume on mor-
tality was just 2.01 (CI 1.48) despite regression analyses
indicating a significant p-value =0.001, suggesting that
only a moderate confounder would explain the difference
in mortality by case volume. In contrast, the E-value for
the impact of ECMO use on mortality was relatively high
at 6.63 (CI 5.67), implying that an unmeasured covariate
must have a relative risk ratio of at least 6.34 to attenuate
the effect of ECMO on mortality. This result confirms the
significant relationship of ECMO to mortality as clinically
expected. All E-values with associated confidence interval
estimates for mortality and ECMO use predictors are shown
in Table 4.

Discussion

Over the last two decades, there has been an increase in the
number of HLHS patients undergoing Norwood Surgery,
as well as improved survival to 80.8%. This directly corre-
lates with an increase in costs despite a drop in median LOS
from 37 days in 2012 to 22 days in 2016. Data from 2000
to 2009 show a survival rate of 78%, while the most recent
STS data (2015-2018) show a survival rate of 86.2% for
neonates undergoing a Norwood procedure, confirming that
surgical outcomes continue to improve over time [28, 29].
The significant drop in LOS in 2016 we can only attribute
to potential coding problems with ICD10; reasons for short
LOS include early death or transfer, but given the significant
IQR of 249 days, we believe there may be miscoding errors
in some of the ICD10 encounters. Nonetheless, the trend of
increased cost and survival rates may reflect findings that
higher cost hospitals are associated with a 13.6% reduction
in risk-adjusted mortality among children undergoing sur-
gery for congenital heart disease in the USA [30]. Also noted
in this study are significant racial and regional differences in
survival and ECMO use, which might reflect socioeconomic
disparities and/or practice variation that are not captured
in administrative data. These confounders limit our ability
to draw causal inferences between these outcomes and the
covariates included in the analysis.

There were significant differences found in LOS and costs
based on hospital region, case volume, survivors vs. non-
survivors, and ECMO vs. non-ECMO users. Shorter LOS

@ Springer
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was associated with those who died prior to discharge, par-
ticularly among ECMO users [31]. Compared to all other
hospital regions (Midwest, South, West), the Northeast had
lower costs and mortality rates among non-ECMO users.
This is in contrast to previous analyses with the HCUP KID
that showed lower cost hospitals typically have increased
mortality rates for children undergoing congenital heart
disease surgery. It is unclear whether this is due to differ-
ences in patient care or if this reflects regional population
differences, such as greater socioeconomic disparities in
regions beyond the Northeast. It may also represent a differ-
ent patient mix with more complex and/or severe congenital
comorbidities, although we found no significant findings for
income quartile except for ECMO use, and mixed findings
for number of CCCs. Because we used administrative CCR
data, costs are highly subject to internal accounting, thus the
results of the cost analysis may not be completely accurate.
We are the first to implement the E-value in our evaluation
of the data, and as evidenced by our analysis, statistical sig-
nificance associated with this finding is likely undermined
by unobservable covariates. The plausible explanation is that
unmeasured socioeconomic, environmental, and cultural fac-
tors likely play a significant role in regional outcome differ-
ences. Nonetheless, our findings point to inconsistencies in
the delivery of care across the country that may not reflect
the quality of the care itself.

In addition, our results showed that high-volume centers
have lower mortality rates. Previous work using the HCUP
KID to analyze HLHS patients undergoing Norwood surgery
has also shown an inverse relationship between case vol-
ume and mortality. Regardless, the magnitude of the volume
effect is difficult to assess and is likely skewed by unknown
confounders as suggested by the E-value analysis [32]. For
example, variations in population, case complexity, and
regional hospital density may affect how cases are distrib-
uted between low, medium, and high-volume centers. Nor-
wood procedures in the Northeast and the West were mostly
performed in high-volume centers (> 25 per year), whereas
Norwood procedures in the Midwest and South were more
evenly distributed across low, medium, and high-volume
centers. Government insurance was also highly associated
with low case volume, perhaps indicating more restricted
access to large, regional centers in more rural parts of the
country. Finally, ECMO use was highest in low-volume cent-
ers, although this was not statistically significant, possibly
due to less experience managing these complex patients or
taking on high-risk cases with additional social complexity
in more rural regional programs.

ECMO use was significantly higher among non-survivors
compared to survivors, suggesting that despite non-survivors
having a shorter LOS, significant hospital resources are used
for this population. Interestingly, ECMO use was a signif-
icant predictor of costs, but only in survivors ($231,961,

@ Springer

p<0.0001). In children and neonates, the costs for patients
receiving ECMO are much higher than other cost-intensive
procedures such as bone marrow transplantation, liver trans-
plantation, and kidney transplantation [33]. This is further
corroborated by the fact that comorbid conditions have been
found to have a minimal effect on LOS and cost, as well as
on mortality [28]. In recent years, ECMO has been increas-
ingly used as a post-operative bridge for Norwood patients
that cannot come off bypass intraoperatively, [34] or to
provide hemodynamic stability and prevent cardiac arrest
during interventional catheter-based treatment [35-37]. In
fact, we noted an increase in ECMO use from 2003 to 2016,
perhaps reflecting this shift in practice and potentially con-
tributing to the shorter LOS, but increased costs over time.
Although ECMO is costly and appears to be associated with
worse mortality, it may nevertheless be cost-effective for a
small subset of patients who require intensive cardiopulmo-
nary support as a bridge post-operatively to survive [38].
ECMO has been shown to improve mortality outcomes in
Norwood patients and the 11.9% of ECMO use we found
among our survivors could reflect these findings [39, 40].

Collectively, the disparities seen in mortality and LOS
suggest possible regional or center-specific differences that
may affect outcomes and resource utilization. Although we
could not explicitly include center-level effects, this has
been shown in previous papers to affect hospital costs and
outcomes, particularly in relation to hospital leadership,
organizational values, and institutional structure [41-43].
Differences may reflect variations in institutional practices,
patient demographics, case severity index, and socioeco-
nomic status despite observing no significant differences
in survivorship or LOS by race or income quartile. Given
the broad nature of the HCUP data, we were unfortunately
unable to control for additional covariates that may have
affected cost and mortality, such as pre-operative comorbid
conditions and socioeconomic status. We were also unable
to account for differences in surgical complexity or technical
adequacy of the repair.

Lack of specific clinical information in the HCUP data-
base were a concern. In particular, gestational age and low
birthweight are not accurately coded in the HCUP KID, but
are likely to have contributed to the outcomes we observed.
Jolley et al. analyzed ECMO use among HLHS patients
undergoing Stage 1 Norwood surgery using 1998-2013
data from the Extracorporeal Life Support Organization
(ELSO), aregistry that collects voluntarily reported data on
ECMO use from 230 US international center. They found
that lower gestational age, body weight, and renal failure
were associated with non-survival, as well as longer duration
and multiple runs of ECMO [21]. We could not capture these
covariates in the HCUP KID, which may have contributed to
the unmeasured confounding quantified by our E-values cal-
culated for predictors of mortality and ECMO use. We did
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attempt to use codes for dialysis and renal replacement ther-
apy as proxies for renal failure during model development
but found < 10 cases with these codes. Further, identifying
renal failure in pediatric cardiac patients is particularly com-
plex due to difficulties in diagnosis, and rather than reflect-
ing true renal failure, proxy codes may reflect therapeutic
modalities for fluid overload or peritoneal drains, and such
use is subject to variable clinical practice. Although we used
CCC:s as a proxy for severity of illness, the inability to ascer-
tain severity of conditions within each CCC category limited
our analysis to broader generalizations. We found that more
CCCs were associated with a decrease in costs, although this
is likely due to an increase in mortality (and subsequently
shorter LOS). Previous work has also found that pre-opera-
tive ventilatory or circulatory support is associated with an
increased odds of mortality of 1.3 (95% CI 1.03-1.6) and
4.0 (95% CI 1.6-10.2) respectively [28]. While we could not
differentiate pre-operative vs. post-operative use of ECMO,
our results can only indicate that any ECMO use is associ-
ated with increased mortality.

Finally, our E-value analysis suggests that overall,
unmeasured confounders may have attenuated the results
from our initial multivariable models, a common concern
in secondary database analyses. Although we found a sig-
nificant OR of 1.34 (p =0.03) for mortality among females
vs. males, the E-value indicates that this result could be
explained by an unmeasured confounder that has a relative
risk association with mortality and gender of at least 1.58.
The confidence interval value of 1.16 means that the relative
risk association of the unmeasured confounder need only be
1.16 times more likely for the confidence interval to include
the null. Thus, despite a statistically significant odds-ratio
for gender, unmeasured confounding probably attenuates
this effect. Similarly, we found a statistically significant OR
0.56 (p=0.01) for mortality in high-volume centers (> 25
cases) compared to low-volume centers, but the E-value for
this association suggests the result could also be explained
by an unmeasured confounder that has a minimum relative
risk association with mortality and case volume of 2.01
(CI=1.48).

Regional differences in outcomes may be due to popula-
tion vs. hospital/provider characteristics, rural vs. urban hos-
pitals, or even regional institutional practices. It is plausible
that high-volume centers are twice as likely to be located in
regions with easier access to specialized care, or that certain
families self-select into high-volume centers due to better
prenatal counseling or improved awareness of their child’s
condition. Differences in prenatal counseling by education
level or socioeconomic status may affect the decision to ter-
minate a pregnancy or lead to more proactive perinatal man-
agement, affecting the ultimate outcomes of the Norwood
surgery. Institutional practices may also reflect differences in
case selection, particularly in an age when surgical mortality

rates, irrespective of patient severity, are a significant part
of institutional ratings for quality of care. Thus, even if case
volume or race/ethnicity appear to be statistically significant
for mortality, unmeasured factors could easily explain these
findings.

The results of the E-value analyses suggest that quality
improvement efforts may need to focus on factors beyond
medical care within the hospital to achieve optimal out-
comes. For example, previous studies have found that soci-
oeconomic factors such as maternal education can affect
1 year mortality or unplanned readmission for post-surgical
HLHS patients [44]. Socioeconomic status also indepen-
dently predicts post-op mortality, even when other hospi-
tal or patient-level medical factors are included [45]. We
could only include income quartile, which only accounts
for a portion of socioeconomic status. Institutional variation
may also lead to different practices in the management of
the interstage period between Norwood and Glenn, [46—48]
and different management strategies can impact institutional
LOS and cost. In addition, this may be influenced by factors
such as payer mix and reimbursement rates. Thus, while the
results of our primary analysis may point to specific hos-
pital characteristics as predictors of LOS / mortality, it is
unlikely that these factors are causal given the corresponding
E-values and evidence pointing to numerous other influences
on these outcomes.

In conclusion, we find that survivorship among HLHS
infants undergoing Norwood surgery has improved over
time while costs have tripled. Despite statistical signifi-
cance, causal factors behind outcomes differences by hos-
pital region and case volume cannot be determined due to
unmeasured covariates as evidenced by the E-value analysis.
Future research should be cautious in interpreting traditional
measures of significance as evidence of causality, and focus
on the numerous non-medical factors that affect health out-
comes in addition to traditional measures to improve quality
of care.
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