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Abstract

AIM—To clarify the extent to which medical comorbidities and goals-of-care decisions influence
death among individuals with childhood-onset hydrocephalus.

METHOD—This was a retrospective cohort study of 1705 individuals (759 males, 946 females,
mean age 11y 5mo, SD 6y 6mo, range 0-37y 7mo at last follow-up) with childhood-onset
hydrocephalus, of whom 88 (5.2%) were deceased. Existing medical records, death records, and
publicly available internet sources were analyzed. We estimated hazard ratios for putative risk
factors through Cox regression based upon 10 529 person-years of data and quantitatively and
qualitatively analyzed the circumstances surrounding each death.

RESULTS—Mortality did not differ statistically by demographic factors, although higher
proportions of non-White and Hispanic individuals were deceased. Most deaths were related

to medical comorbidities rather than hydrocephalus itself. Of the 14 deaths directly related to
hydrocephalus, seven were caused by shunt complications and four occurred after decisions to
forgo treatment, apparently in response to poor outcomes predicted by the medical team. Half
the deaths were preceded by shifts to comfort-based care; however, these decisions appeared to
substantially change the patient’s clinical trajectory only half the time.

INTERPRETATION—Children are more likely to die with, rather than from, hydrocephalus. Our
results emphasize the complexities of medical decision-making and the influence of clinicians in
guiding these choices.

Hydrocephalus is a condition characterized by accumulation of cerebrospinal fluid (CSF)
within the brain’s ventricular system, which over time can compress and injure the
surrounding brain. Hydrocephalus can develop at any age and is estimated to affect
1 in 1000 infants during their initial birth hospitalization.! Multifactorial in nature,

hydrocephalus can be a consequence of hemorrhage, developmental malformations, trauma,

or infection, among many other conditions.2 Hydrocephalus can cause many symptoms
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depending on the age of the child, ranging from pauses in breathing to vomiting and
increasing lethargy. Hydrocephalus is usually progressive and, if untreated, may be fatal.3

Pediatric-onset hydrocephalus carries the reputation of high morbidity* and mortality,® yet
affected children commonly have additional medical comorbidities, further elevating the
risk of death in this patient population. Only limited information is available about whether
individuals are more likely to die as a direct result of hydrocephalus or as a consequence of
accompanying medical conditions.

Also unknown is the extent to which predicted outcome influences mortality in individuals
with hydrocephalus. Parents of affected children are often counselled that hydrocephalus is a
life-threatening condition that will adversely affect their child’s development.® This has the
potential to act as a self-fulfilling prophecy: hearing that hydrocephalus is associated with
high morbidity and mortality, some families may shift goals of care to ensure their child’s
comfort rather than to prolong life. However, these comfort-based decisions may not have
much influence upon the trajectory of a dying process that was primarily driven by other
medical reasons.

To investigate mortality in this patient population, we used existing medical records,
imaging, official state death records, and publicly available internet material. We assessed
a cohort of individuals diagnosed at a children’s hospital with pediatric-onset, non-tumor-
associated hydrocephalus. We first assessed numbers of deaths and risks associated with
demographic factors and with hydrocephalus cause. We next determined whether death
was more commonly due to hydrocephalus itself or to a medical comorbidity. Finally, we
examined the extent to which death was influenced by medical decisions that reflected a
shift in goals of care. For children whose deaths were directly related to hydrocephalus, we
examined the extent to which medical decisions were influenced by perceived prognosis.

Study design, study population, and data sources

This retrospective cohort study assessed children diagnosed with or treated for
hydrocephalus at a regional medical center. Individuals with hydrocephalus were identified
through the Clinical Data Repository (https://www.seattlechildrens.org/research/resources/
bear/clinical-data-repository), a proprietary tool developed by Research Informatics and
Genospace and funded by Seattle Children’s Research Institute. The Clinical Data
Repository contains demographic information and International Classification of Diseases,
9th Revision (ICD-9) and International Classification of Diseases, 10th Revision (ICD-10)
codes associated with outpatient clinic and emergency department visits and inpatient stays.
At the time that it was accessed for this study, the Clinical Data Repository contained data
from January 2009 through February 2018 (though for some patients the initial diagnosis
of hydrocephalus had been made earlier). With the approval of the Seattle Children’s
Hospital Institutional Review Board, patients were provisionally identified on the basis of
several ICD-9 diagnosis and procedure codes (Appendix S1, online supporting information).
Medical records were accessed through May 2020, and hydrocephalus was verified through
review of patients’ existing clinical notes and imaging studies. For children identified as
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deceased, additional data were obtained from official death records from the Washington
State Department of Health, supplemented by publicly available internet-based sources
(online obituaries, blogs, fundraising requests, and social media posts).

Inclusion and exclusion criteria

We defined hydrocephalus according to the standard definition of progressive ventricular
dilation. As such, we reviewed medical records and imaging studies to confirm ongoing
ventricular expansion. We excluded children with stable ventriculomegaly due solely to
structural brain differences (e.g. colpocephaly in the setting of agenesis of the corpus
callosum) or a purely ex vacuo process. In patients who also had acute intracranial
hemorrhage or cerebral edema, we reviewed serial scans to confirm that progressive
ventricular dilatation was also present. Patients were also excluded if insufficient clinical
information was available to confirm progressive ventricular dilation, or if they were

21 years of age or older at the time of diagnosis. After provisionally identifying 2372
individuals in the Clinical Data Repository, we excluded 136 who did not have progressive
hydrocephalus, 82 in whom hydrocephalus could not be verified because of insufficient
records, and seven who were 21 years of age or older at time of diagnosis. We also excluded
442 individuals whose hydrocephalus was due to a CSF obstruction from a brain tumor,
leaving a cohort of 1705 individuals with confirmed childhood-onset, non-tumor-associated
hydrocephalus available for analysis.

Clinical data collected

From existing medical records, we recorded basic demographic information, date of
diagnosis of hydrocephalus (recorded as date of birth if diagnosed prenatally), mortality
status, and date of last contact with patient family (or death, when applicable). We assigned
patients to a hydrocephalus subtype based upon presumed cause (posthemorrhagic [germinal
matrix hemorrhage or otherwise], myelomeningocele, primary brain malformation,
neoplasm, infection, trauma, skeletal dysplasia/craniofacial condition, other genetic
condition, vascular anomaly, ischemia, or other/unknown). We recorded the date and nature
of any surgical interventions for hydrocephalus. We also noted major additional medical
comorbidities, defined as acute and chronic illnesses separate from hydrocephalus, such

as chronic lung disease associated with preterm birth, or physical disability related to
myelomeningocele. When applicable, we noted date and place of death (hospital, hospice,
community).

Causes and circumstances of death

From medical records and official death records, supplemented by information received
from medical professionals directly involved in these patients’ care, we recorded cause of
death and assessed whether this was directly related to hydrocephalus (e.g. shunt failure),
to a comorbidity (e.g. respiratory failure from preterm birth), or was unrelated (e.g. motor
vehicle accident). Using our best judgement, we rated whether the death was expected (e.g.
the inevitable consequence of a longstanding medical condition), somewhat expected (e.g.
recognized complication of a medical condition), somewhat unexpected (e.g. acute medical
event directly related to a chronic medical condition), or unexpected (e.g. accident or rare
surgical complication). We reviewed medical records in detail to determine whether the
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family or care team had explicitly articulated a desire to focus on the affected individual’s
comfort rather than to pursue life-prolonging measures before terminal events. We also
recorded whether these decisions directly preceded death and whether they were a primary
driver of death (e.g. cessation of cardiorespiratory monitoring or lab tests would not be
considered a primary driver, but withholding of intravenous hydration or tube-delivered
nutritional support would). When medical decisions such as compassionate extubation were
made before death but the illness itself was deemed to be imminently and unequivocally
terminal (i.e. death expected within hours even with full support), or if the child met criteria
for brain death at the time goals-of-care-related decisions were made, we considered the
cause of death to be the illness itself.

Statistical analysis

RESULTS

All analyses were performed in Stata version 14 (StataCorp, College Station, TX, USA).
Descriptive analyses are presented as numbers, means with standard deviations, and
proportions. We calculated hazard ratios through Cox models that contained the variables
of interest (sex, ethnicity, hydrocephalus subtype) and risks expressed as hazard ratio (95%
confidence interval [C1]). Variables were first assessed in a series of univariate analyses,
and variables of particular interest were then included in a multivariable model. For all
models, we included the adjustment variables ‘age at diagnosis’ and ‘time since diagnosis’
based on the a priori assumption that both would be associated with mortality status

and hydrocephalus subtype. We tested whether the potential adjustment variables sex and
ethnicity were associated with mortality status and the variables of interest. Finding they
were not, we did not include these as adjustment variables in the Cox models. To account
for bias introduced by children who were diagnosed before the study period began, we
considered time at risk to begin at the start of the study period (for children diagnosed
earlier), date of diagnosis (if within the study period), or at the date of entry into our hospital
system (if diagnosis had been made at an outside institution on an unknown date). Children
were censored at death or at last contact with the family. For Kaplan—Meier curves based
upon hydrocephalus cause, we assessed for differences between curves via a logrank test,
with 0.05 set as the threshold for statistical significance. When a variable of interest was
missing, the individual was excluded from that analysis.

Epidemiology and risk factors for increased mortality

We reviewed records of 1705 individuals (759 males, 946 females) verified to have
childhood-onset, non-tumor-associated hydrocephalus, for whom an average of 9 years 10
months of follow-up data were available (SD 6y 6mo, range 0-37y 7mo), corresponding to
10 529 person-years of time within the study period. Among our cohort, 88 (5.2%) were
deceased. Mean age at death was 7 years 1 month (SD 6y 11mo, range 0-21y), occurring
on average 4 years 11 months (SD 6y 3mo, range 0-21y) after diagnosis. Basic clinical
characteristics of patients with hydrocephalus, deceased and not deceased, are shown in
Table 1.
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The overall mortality rate in our cohort was 8.3 deaths per 1000 person-years (95% CI: 6.7—
10.2). Kaplan—Meier curves (Fig. 1) showed statistically significant differences in survival
between hydrocephalus subtypes (p=0.02); and adjusted analyses confirmed two- to three-
fold higher risks of death in several subtypes (Table 2). In a multivariable analysis (Table 3),
we detected no difference in mortality on the basis of sex. Risk of death was higher among
non-White and Hispanic children, though these results did not achieve statistical significance
(hazard ratio: 1.3, 95% CI: 0.8-2.1; hazard ratio: 1.5, 95% CI: 0.9-2.6 for non-White and
Hispanic ethnicity respectively.)

Causes and circumstances of death

We analyzed the causes and circumstances of death for all deceased patients. Death occurred
in a hospital setting in 58 (68.2%) patients. Among the 24 who died in non-hospital
settings, two were in long-term care facilities and eight were receiving hospice care at
home. We were able to determine specific causes of death in 86 of 88 patients. All

deaths were due to medical issues; none resulted from accidents. Death was related to
medical comorbidities rather than elevated intracranial pressure in 65 patients (76%),
including respiratory complications of preterm birth, sepsis, and sudden unexplained death
with epilepsy, among many others (Table S1, online supporting information). Death was
directly related to elevated intracranial pressure in 21 children (24%), but in seven, the
immediate cause was acute hemorrhage due to the primary disease process superimposed
upon hydrocephalus.

Circumstances of the terminal illness were documented in 84 patients. The clinical
situation leading to death was assessed as mostly or fully expected in 36 and mostly or
fully unexpected in 48. Among 76 deceased patients whose medical records documented
discussions about goals of care, 37 deaths were preceded by medical decisions that
specifically prioritized patient comfort over prolongation of life, although in only 20 was
the trajectory of the dying process judged to be substantially altered by those decisions
(for example, withholding of enteral nutrition or forgoing of ventriculoperitoneal shunt
placement in a patient with progressive hydrocephalus).

Deaths directly related to hydrocephalus

For only 14 children did hydrocephalus itself play a major role in death. Seven children
(10% of deaths with an established cause) died of shunt-related complications. This included
six children with shunt failure, all of whom had a rapid progression to brain death. Each

of their families maintained full medical support until death was declared on clinical
grounds. One infant born preterm with a treatment-resistant shunt infection (among other
comorbidities) died after compassionate extubation.

For the remaining seven children, death was substantially influenced by preceding
discussions about prognosis and goals of care. Three children with severe accompanying
illnesses underwent surgical CSF diversion procedures, but care was subsequently redirected
to comfort measures. For four newborn infants with severe congenital hydrocephalus
(discovered unexpectedly at birth in two and shortly before birth in a third), CSF diversion
was not performed. Goals-of-care discussions that influenced these decisions appeared to
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focus upon survivability, quality of life, and — particularly for infants — neurodevelopmental
outcome (Table S2, online supporting information).

DISCUSSION

In this retrospective investigation of mortality in children with hydrocephalus, we show
that affected individuals are more likely to die from medical comorbidities than from
hydrocephalus itself, and only half the deaths directly related to hydrocephalus were caused
by shunt complications. The other deaths directly related to hydrocephalus were driven

to varying degrees by medical decisions made in response to perceptions of clinical and
neurodevelopmental outcome.

Overall mortality

The estimated mortality in our cohort falls within the very broad published range of 1% to
48%.45.7-11 |n prior studies, the highest proportion of deaths were observed in the longest-
followed patient cohorts. This is partly because of the increased amount of time at risk, but
also likely reflects recent improvements over time in shunt designs, surgical techniques, and
prevention of infection.> Among our patients, most deaths were due to comorbidities; less
than a third of deaths were shunt-related, which falls within the published range of 9% to
43%.5'8'12

Not surprisingly, hydrocephalus etiology was strongly associated with mortality. Compared
to children with hydrocephalus in the setting of myelomeningocele, the risk of death was
markedly higher in patients with prenatal-onset and posthemorrhagic hydrocephalus, who
would be expected to be more medically fragile.

After taking other risk factors into account, non-White and Hispanic ethnicity were
independently associated with 30% and 50% higher risks of death respectively. Although
these results did not attain statistical significance, they are striking enough to warrant further
exploration. Higher risk of death in non-White and Hispanic children could reflect cultural
differences in approaches to end-of-life care, implicit biases among healthcare workers
leading to less aggressive medical treatment, or delays in care because of language barriers
(notably, half the children who died of catastrophic shunt failure came from non-English-
speaking families).

Surgical treatment is associated with a 50% reduced risk of death overall, although the

risk of death was four-fold higher (compared to no surgery) when surgery was limited to
temporary drain placement. We presume these results primarily reflect the underlying cause
of the hydrocephalus and medical decisions made as a result.

Mortality and medical decision-making

When goals of care were documented in medical records, we found that before death, care
was redirected to focus on a child’s comfort rather than on prolonging life approximately
half the time. These findings are in line with other recent investigations of the influence of
medical decision-making upon pediatric mortality in critically ill children. In a cohort of 149
Swiss children who died from cardiac, neurological, or oncological conditions, decisions to
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withdraw life-sustaining treatment preceded death in 84%.1% Among patients in a cardiac
intensive care unitl4 and pediatric intensive care unit,1® 49% and 74% of deaths were
preceded by such decisions.

Mortality due to hydrocephalus itself

The complexities of medical decision-making are highlighted by children whose deaths
were directly linked to hydrocephalus. For six children with longstanding hydrocephalus
who experienced rapid, catastrophic shunt failure, goals-of-care-related decisions did not
play a role. Instead, each child received full medical support at the request of their family
until brain death was declared. Notably, these children were otherwise reasonably typically
developing, although they had physical, sensory, intellectual, and communication disabilities
that ranged from mild to profound.

For five newborn infants with severe congenital hydrocephalus, neurosurgical intervention
was not performed (four infants), or care was quickly redirected after temporary CSF
diversion (one infant). Two of these infants were otherwise typically developing and two had
medical conditions that would generally be considered treatable. For these newborn infants,
records document that the medical team’s perception, conveyed to families, was that these
infants’ neurodevelopmental potential was extremely poor. How these individuals might
have done had they received maximal medical support is unknowable. However, our results
underscore the perception of severe congenital hydrocephalus as a universally devastating
condition, despite published outcomes data that suggests a more optimistic prognosis for at
least some affected children.3:6:12,16-20

Strengths and limitations

Our study is limited by its retrospective nature. However, available medical records

and imaging allowed us to establish subtypes of hydrocephalus and comorbidities with
certainty. Moreover, the highly detailed nature of the medical documentation illuminated
how children’s medical situations evolved over time, and how medical decisions were made.

Another limitation of this study is that its cohort was drawn from a tertiary medical center
providing specialized care to children from a wide geographic region, which could bias

it towards inclusion of more severely affected individuals with a higher mortality risk.
However, care for children with hydrocephalus is usually concentrated at larger centers
such as ours,2! so our overall results may therefore apply to many pediatric patients with
hydrocephalus. However, factors that influence medical decisions and the extent to which
families participate in those decisions may be more variable by location; these results may
therefore be less generalizable. In our analyses, we were able to mitigate the potential

bias introduced by older patients who were diagnosed with hydrocephalus before the study
period began, but our study design cannot account for members of the cohort who were lost
to follow-up by moving from the region. However, we have no reason to suspect that loss
to follow-up would be differentially associated with mortality risk, and so our inability to
account for all patients would be unlikely to substantially bias our results.
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Conclusions

Children are more likely to die with rather than of hydrocephalus. Among the minority of
deaths directly related to hydrocephalus itself, several were caused by catastrophic shunt
failure; however, almost as many were driven by decisions not to treat the hydrocephalus,
influenced by a perception of ‘poor prognosis’ conveyed by members of the medical team.
Our results further underscore the complexities of medical decision-making, the influence of
clinicians in guiding these difficult choices, and the need for long-term studies that assess
outcomes in ways that are relevant to patients and families.
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What this paper adds

. Children with hydrocephalus are more likely to die from other conditions,
rather than directly from hydrocephalus.

. Hydrocephalus-related deaths involve shunt failure and decisions to forgo
shunt placement.

. Among children with hydrocephalus, more non-White and Hispanic
individuals were deceased than other ethnicities.
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Figure 1:

Survival by hydrocephalus subtype.
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Table 1:

Clinical characteristics of patients with hydrocephalus, by mortality status

Deceased Not deceased
(n=88) (n=1617)
no (%) n (%)
Male 47 (53.4) 899 (55.6)
Ethnicity
White 44 (524) 926 (62.2)
Black 5 (6.0 96 (6.5
Asian 2 (24) 69 (4.6)
Native 5 (6.0) 52 (3.5)
Mixed/other 28 (333) 345 (23.2)
Hispanic 23  (28.1) 314  (20.8)
Age at diagnosis, y:mo, mean, SD (range) 2:2,4:5 1:4,3:7
(0-18:6) (0-20:11)
Age at death or last follow-up, y:mo, mean, SD (range) 7:1,6:11 11:7,6:5
(0-21:0) (0-37:7)
Hydrocephalus subtype
Malformation/congenital 27 (31.8) 416  (26.6)
Posthemorrhagic 26 (30.6) 399 (25.5)
Spina bifida/myelomeningocele 7 (82 337  (21.6)
Craniofacial/skeletal dysplasia 2 (249 100 (6.4)
Postinfectious 4 (4.7) 78 (5.0
Trauma 6 (7.1) 71 (4.6)
Multifactorial/other 13 (15.3) 161 (10.3)
Hydrocephalus-related surgery, any 55 (63.2) 1375 (85.4)
Permanent shunt 45 (81.8)a 1299 (90.8)3
ETVICPC 1 (1.8)5 54 (3.9)3
Cyst fenestration 1 (1.8)5 8 . G)a
Temporary drain only 8 (146)5 38 (2.8)13
Other surgery type 0 (0.0)a 20 (1‘3)3

a . S . . R~
Proportion of those who underwent surgery. ETV, endoscopic third ventriculostomy; CPC, choroid plexus cauterization.
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Table 2:

Adjusted risk of death by demographic factors and hydrocephalus subtype, univariate analyses

aHRa 95% ClI

Male 0.85 (0.56-1.31)
Ethnicityb

White 1.00 (ref)

Black 1.05 (0.42-2.66)

Asian 0.60 (0.15-2.49)

Native 154  (0.55-4.30)

Hispanic (Y/N) 155 (0.96-2.52)
Hydrocephalus subtype

Spina bifida 1.00 (ref)

Malformation/congenital 224 (0.97-5.20)

Posthemorrhagic 277 (1.20-6.37)

Craniofacial/skeletal dysplasia 0.65 (0.13-3.20)

Postinfectious 1.62 (0.46-5.71)

Trauma 228 (0.74-7.02)

Multifactorial/other 2.34 (0.87-6.32)

Hydrocephalus surgery
Any hydrocephalus surgery 0.49 (0.31-0.77)

Temporary drain placement onlyc 370 (1.69-8.13)

aAdjusted for age at diagnosis and time since diagnosis.
Excludes other/mixed; White/Black/Asian/Native are exclusive categories, Hispanic is not.

Compared to surgery intended to be definitive (ventriculoperitoneal shunt, endoscopic third ventriculostomy/choroid plexus coagulation, cyst
fenestration). aHR, adjusted hazard ratio; CI, confidence interval.

1duosnuey Joyiny

1duosnuep Joyiny

Dev Med Child Neurol. Author manuscript; available in PMC 2023 January 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

TULLY etal.

Adjusted risk of death, multivariable analysis

aHRa 95% ClI

Male 1.01 (0.63-1.60)
Non-White 1.30  (0.79-2.14)
Hispanic 154 (0.90-2.65)
Hydrocephalus subtype

Spina bifida 1.00 (ref)

Malformation/congenital 2.14 (0.86-5.32)

Posthemorrhagic 2.64 (1.07-6.51)

Any hydrocephalus surgery 0.48

(0.29-0.79)

a. . . . . . . . . . ] .
Adjusted for age at diagnosis and time since diagnosis. aHR, adjusted hazard ratio; ClI, confidence interval.
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