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Abstract

Krabbe Disease (KD) is a severe neuro-degenerative disorder affecting white matter in the brain
and peripheral nerves. Transplantation of hemato-poetic stem cells (HSCT), although not curative,
has been shown to extend survival and alleviate neurodevelopmental symptoms, if treatment
precedes the onset of symptoms. Existing evidence, although not tested statistically, seems to
clearly show that post-symptomatic transplantation does not improve neurodevelopmental
outcomes. The impact of post-symptomatic HSCT treatment on survival, however, is an open
question. We used a KD registry to examine the effect of HSCT upon survival of symptomatic KD
patients. 16 transplanted patients were matched by age of onset to 68 non-transplanted patients.
The potential confounding effect of age of onset was, therefore, avoided. To quantify the effect of
HSCT over time, we used Cox regression analysis and observed a sustained and nearly 2.2-fold
risk of death from KD in patients who were not transplanted relative to those who were (one-tailed
p=0.0365; 95% lower bound=1.07). The improvement of survival due to HSCT did not appear to
depend on the age of symptom onset. Thus, these results establish a long-term, quantitative benefit
of HSCT even in patients who are already experiencing symptoms. They also provide a
benchmark for improved survival that can be used for potential new treatments for KD.
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Krabbe Disease is a neurodegenerative disorder that can be treated only with transplantation of
umbilical cord blood. Earlier studies have not shown statistically significant improvement of
survival of patients treated after they develop symptoms. By using Cox regression analysis we
establish a 2.2 fold improvement of survival in symptomatic patients.
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INTRODUCTION

Krabbe Disease (KD), also known as globoid cell leukodystrophy (OM IM#245200), is a
rare but devastating illness that causes degeneration of white matter in the brain and also in
peripheral nerves (Hagberg et al., 1963; Wenger and Luzi, 2014.). It is caused in autosomal
recessive fashion by deficiency of the enzyme galacto-cerebrosidiase (GALC) (Suzuki and
Suzuki, 1970; Suzuki, 1984). KD is characterized pathologically by widespread
demyelination, dys-myelination and inflammation (Suzuki and Suzuki, 1970; Wenger and
Luzi, 2014). In the most frequent early-onset variant of the disease, infants are afflicted
before 6 months of life with irritability, fisting, as well as progressive and often marked
spasticity. These infants eventually develop seizures, visual loss and significant medical
problems that result in death by around 2 years of age (Wenger and Luzi, 2014; Hagberg et
al., 1963; Duffner et al., 2011).

However, KD is clinically pleomorphic. In addition to this early infantile form (EIKD),
some infants develop progressive symptoms between 6 and 12 months of age and are
therefore considered to have late infantile Krabbe disease-LIKD (Lyon et al., 1991; Duffner
etal., 2012). Later onset (LOKD) is comprised of a heterogeneous group of clinical
syndromes that can manifest in later childhood, adolescence or even in adulthood. The
symptoms of LOKD include spastic paraparesis, optic atrophy, ataxia, and cognitive decline
(Lyon et al., 1991; Lyon et al., 1991; Bajaj et al., 2002). While the progression of LOKD
certainly is more indolent than EIKD or LIKD, Krabbe Disease is in every instance
considered to be a progressive degenerative disorder variably affecting the white matter of
the brain, spinal cord, and peripheral nerves (Suzuki and Suzuki, 1970; Suzuki,1984;
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Wenger and Luzi, 2014.). Several specific mutations of the GALC gene have been reported
in KD, but with the exception of a single homozygous deletion that is associated with EIKD
(Wenger et al., 1997), genotype/phenotype correlations are not well-established in the
several clinical forms of this disorder (Rafi et al., 1995; Wenger et al., 2014).

Transplantation of hematopoietic stem cells (HSCT) has been used for several
leukodystrophies. HSCT is presumably effective because cells from the graft enter the CNS
and produce deficient enzymes (Krivit et. al, 1998; Martin et. al, 2006; Shapiro et. al, 2000)
Allogenic transplantation of cells from banked cord blood has been established as a therapy
for those conditions that respond to HSCT (Escolar et al., 2005;Martin et. al, 2006)
Treatment of infants who are predicted to develop EIKD or who have later onset symptoms
has been achieved by use of HSCT(KTrivit et al, 1998;Escolar et al., 2005). Availability of a
partially effective treatment resulted in the inception of newborn screening (NBS) for KD in
New York State in 2006 (Duffner et al., 2009a,b; Orsini et al., 2009). However, in the
ensuing 9 years, screening has become established in only one additional state, Missouri.
The US Department of Health and Human Services (USDHHS) Secretary’s Advisory
Committee on Heritable Disorders indeed declined to recommend KD for NBS, citing
concerns about accuracy of the diagnostic algorithm, phenotypic definition of the condition,
and the benefits and potential harms of treatment (Kemper et al., 2010). The current
diagnostic algorithm in fact is not specific and, thus, has many false positives (Duffner et al.,
2009b; Orsini et al., 2009; Jalal et al., 2012; Turgeon et al., 2015). It therefore cannot be
used for clinical decision-making and many of the infants who eventually manifest as
Krabbe patients are not transplanted prior to symptom onset. Although not statistically
confirmed, there is seemingly compelling evidence that HSCT treatment of pre-symptomatic
patients does not improve neurodevelopmental outcomes. Evidence for or against a survival
benefit, however, is inconclusive (Escolar et al., 2005). Thus, while additional treatments
that at least improve the quality of life are needed, they also must exceed a survival
benchmark that is determined by survival outcome for HSCT. Further study of survival
outcome in symptomatic patients treated with HSCT is needed. HSCT has significant
morbidity and mortality, and while it improved survival and development in pre-
symptomatic children, improvement was not statistically significant in children transplanted
after onset of symptoms compared to patients who were not transplanted (Escolar et al.,
2005; Musolino et al., 2014). The latter result, however, was based on a small sample size
with presumably low power and without controlling for age at onset of symptoms. Thus,
new information about the effect of post-symptomatic transplant therapy may result from
further study using a larger sample size or a different statistical approach that allows one to
control for covariates. The purpose of the current investigation is to re-assess the efficacy of
HSCT in symptomatic Krabbe patients with increased power compared to previous studies.
Because KD is rare, we have established a database, the World Wide Registry for Krabbe
Disease (WWR), to facilitate research about this condition (Duffner et al., 2009a; Duffner et
al., 2011; Duffner et al., 2012). We present here results of a population-based analysis of the
long-term benefits of HSCT. We focus on children from our data registry who were
transplanted after the onset of symptoms.
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MATERIALS AND METHODS

Identification of Research Subjects

The WWR contains detailed phenotypic information regarding 180 infants affected by KD.
(Duffner et al., 2009a; Duffner et al., 2011.). From this database, we were able to identify
patients who received therapeutic transplantation after the onset of symptoms. These
symptoms consisted mainly of irritability, or of slight motor signs, such as fisting of the
hands (Duffner et al., 2011). We also identified controls who were matched to the
transplanted subjects. Controls were matched to subjects by age of symptom onset, with
multiple matches allowed. The opportunity to control precisely for age of onset of symptoms
eliminates its potential confounding effect; which exists because survival time varies with
age at onset (Duffner et al., 2009a; Jalal et al., 2012), as may the likelihood of a KD patient
being transplanted.

The total sample consisted specifically of 16 transplanted cases, of whom 7 were either
EIKD or LIKD, and 9 were LOKD cases having adolescent or adult onset. The 68 controls
who were not transplanted were comprised of 55 EIKD/LIKD cases and 13 LOKD cases.
Thus, the total population studied consisted of 84 symptomatic KD patients.

As part of our broad effort to follow symptomatic KD patients, a parent or caretaker of each
subject of the current investigation was reached for a telephone interview that was conducted
after the subject was identified as a participant in this study. These interviews therefore
provided updated information distinct from that reported previously(Escolar et. al, 2005).
IRB approval is in place for this protocol.

Statistical Analyses

The current investigation focused exclusively upon duration of survival after transplant. The
preliminary analysis of a survival indicator variable (Alive/Dead) defined at the time of final
follow up was performed by chi-squared analysis. Then, in order to better discern the effect
of transplant on survival time, while accounting for censoring and controlling for age at
onset of symptoms a Cox proportional hazards regression analysis was performed using the
PHREG procedure of the SAS software package. The “age at transplant” for each control
patient was defined to be the age at which their match was transplanted. A one-tailed test of
the effect of treatment was performed, because the alternatives that treatment has no effect or
a negative effect would both lead to the same recommendation to not treat. A post hoc
illustration of the effect of treatment was obtained by employing Breslow’s estimators of
survival functions and direct adjustment for age at onset of symptoms (SAS/STAT® 9.2
User’s Guide: The PHREG Procedure, 2008; Harrell et al., 1984). The majority of patients
in our registry have the early infantile phenotype (Duffner et al., 2011). Thus, the results of
the primary analysis of our total sample are dominated by EIKD patients. The relatively
small number of late infantile cases or later onset cases in the study population, however,
allow for an exploratory look at the question “Is the effect of transplant dependent on age at
onset phenotype?”. A second Cox regression analysis with an age at onset by transplant
interaction term added to the primary Cox model was performed to address this question.
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We first questioned whether a beneficial effect of HSCT on survival (yes/no) at the time of
last follow up could be discerned in this population from our registry. The earlier research
that established the efficacy of transplantation indicated that the benefits of this treatment,
while clearly apparent in asymptomatic patients, were, with regard to survival, not
significant in symptomatic patients (Escolar et al., 2005). In our study population from the
WWR that focused specifically on survival odds we found that 59 or 70% of the control
group were no longer living at the time of last follow up. In contrast, only 5 of the 16 (31%)
transplanted patients were deceased. This difference was statistically significant (See Table
1, p=0.004). Consequently, 25 of the controls and 11 of the transplanted patients’ survival
times were censored. Date of the final follow-up interview became the censoring date for
subsequent, more refined, proportional hazards regression analyses.

We next performed a formal analysis of hazard ratios, using the Cox proportional hazards
regression model. For this analysis, the null hypothesis to be tested was that transplantation
had no effect or a detrimental effect on survival. The alternative hypothesis, then, is that
transplantation improved survival. Table 2 and Figure 1 show results of the Cox regression
analysis. The null hypothesis was rejected (p=0.0365). Transplanted patients had a nearly
2.2 fold increase in their chance of surviving beyond each time since transplant (Table 2),
with a 95% lower confidence bound of 1.07. The difference in survival curves is illustrated
in Figure 1. (Note that Figure 1 shows the effect of treatment in terms of direct adjusted
Breslow survival curve estimates. The plots should not be expected to have step-down drops
at event times as do Kaplan-Meier estimates, and readers should not be concerned by the
fact that they do not.)

While the majority of patients in our registry have the early infantile phenotype (Duffner et
al., 2011), the registry also contains information about a relatively small number of late
infantile and later onset cases (Duffner et al., 2012). Hence, we turned next to the question
of whether the therapeutic effect of transplantation is influenced by age at onset of KD
symptoms. In this analysis, the null hypothesis is that the benefit, if any, of transplantation
does not depend upon the age that symptoms first appear.

The results of our test of the interaction between the age of onset and the transplant variable
on survival after transplantation showed insufficient evidence to reject the null hypothesis
(p=0.71). Therefore, there is not sufficient evidence to conclude that the enhancement of
survival probability due to transplantation depends on the age that symptoms first become
manifest. Thus, this question needs to be addressed in a future study with a larger sample.

DISCUSSION

KD is an extremely rare disease, with an estimated incidence in the United States of
1:250,000 (Barczykowski et al., 2012). Consequently, utilization of a data registry such as
the WWR enables research that would be difficult to conduct based on the experience of any
single center or single care-giver (Duffner et al., 2009a; Duffner et al., 2011; Duffner et al.,
2012; Jalal et al., 2012; Duffner et al., 2009b; Barczykowski et al., 2012). The current study
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took advantage of the capacity to identify specific patients who had undergone HSCT and to
compare each of them to matched control patients who were not transplanted, but whose
symptoms emerged at the same age.

Our approach therefore differs from and improves upon the earlier investigation of outcomes
of symptomatic KD patients (Escolar et al., 2005). The current study used a statistical
modeling approach (i.e., Cox proportional hazards modeling) that allows us to control for
potential confounding effects. Age at onset of symptoms, in particular, is likely to have a
confounding/biasing influence on the assessment of treatment effects if not controlled.
Survival time is known to vary with age at onset of symptoms (Jalal et al., 2012; Duffner et
al., 2009a) and age at onset may also have been associated with the decision to transplant or
not..

Furthermore, controlling for significant covariates increases the precision with which we
measure treatment effects and, therefore, increases the power of our significance test. The
previous study (Escolar et al., 2005) used Kaplan-Meier log-rank analysis to determine
survival probability and, thus, did not control for the potential biasing influence of age at
onset of symptoms. They found no statistically significant benefit of HSCT treatment of post
symptomatic patients. in contrast, when using Cox regression analysis a statistically
significant effect was found (p=0.0365), with a long-term and nearly 2.2 fold enhancement
of survival probability in patients who were transplanted after symptoms compared to
matched controls. This result, enabled by an improved statistical approach, represents the
primary finding of the current investigation.

Hence, these data provide not just the first statistically significant evidence of a benefit of
transplantation on survival of symptomatic cases; but also yield an impressive, quantitative
and previously undescribed measure of the magnitude of this benefit.(i.e., a 2.2 fold risk of
death at any time for untransplanted compared to transplanted patients). This quantified
measure of benefit of the only existing treatment for KD provides a benchmark for future
treatments to achieve.

Our results also support the conclusion that patients afflicted by the later onset variants of
KD benefit from transplantation even if symptomatic. But in this case the small numbers of
patients having these later phenotypes do not allow a definite conclusion. It must be
acknowledged that great caution is necessary in a statistical analysis applied to a small
number of research subjects that fails to reject the null hypothesis. It is then best to consider
the results regarding later onset variants of KD as a suggestion of the data that must await
recruitment of more later onset patients for confirmation.

In contrast, the hazard ratio demonstrated by the Cox regression analysis enabled a rejection
of the null hypothesis, and therefore a firm conclusion. In addition, it should be noted that
establishing this enhancement of survival probability in patients who were symptomatic at
the time of treatment eliminates the potential bias that would result from treatment of
children who would not have developed KD symptoms.

Concern about the potential biasing effect of treating children who would otherwise remain
free of symptoms is not only relevant to statistical analysis, but also to the ethics of treating
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asymptomatic children after newborn screening. The experience of the New York State
Krabbe Consortium has indeed confirmed that there are children who fulfill the current
criteria for transplantation for KD, but do not subsequently suffer from the disease. This fact
was discovered when some parents of children who met the criteria for treatment declined
treatment, and their children remained free of symptoms at subsequent follow-up
(Wasserstein et al, 2016). These children would have been subjected unnecessarily to the
potential morbidity and mortality of HSCT had they been transplanted.

It must, in addition, be emphasized that there is compelling evidence that afflicted children
improve substantially if treated pre-symptomatically, while the evidence for a benefit from
post-symptomatic treatment compared to no treatment is inconclusive (Escolar et al., 2005;
Musolino et al., 2014). The latter question is still open. WWR data presented here provides
conclusive statistical evidence for a survival benefit in symptomatic children. This analysis
in no way refutes and indeed is not pertinent to the current standard of care—identification
and treatment of pre-symptomatic children. We strongly affirm this standard of care In
addition, since our analysis is solely statistical, any change of clinical practice will require
additional prospective study of a greater number of cases.

Furthermore, we do not claim that our result should dictate the controversial question of
whether a post-symptomatic patient should be transplanted or not. It does, however, provide
important additional information to be considered by those who must make this difficult
decision. It is important that the scientific literature provide as much relevant information as
possible for consideration.

In addition, the finding of a hazard ratio establishing a decreased risk of death of 45%
(100/2.2) after transplantation provides a benchmark for measuring the impact of new
Krabbe therapies that may be emerging. In particular, small molecule chaperones that affect
folding or localization of residual GalC protein are under study for treating KD-afflicted
patients who have missense mutations of the GalC gene, representing the majority of cases
(Helman et al., 2014;Wegner and Luzi, 2014). Hence, any new therapies would presumably
need to improve upon either the survival ratio established by the current results, or maintain
it while improving quality of life. The use of hazard ratios determined by Cox regression
analysis to provide benchmarks for efficacy of treatment in improving survival is in fact well
established, with use in treatment of illnesses as diverse as coronary artery disease (Harrell
et al., 1984), infections (Spruance et al., 2004) and cancer (Warwick et al., 2004).

We did not here examine quality of life outcomes. Earlier studies established that there is no
improvement in morbidity in patients transplanted after the emergence of symptoms.
(Escolar et al., 2005; Musolino et al., 2014). Yet the very survival of these children, despite
their significant burden of disability, provided an opportunity for a new quantitative analysis
of the benefit of transplantation upon survival duration. The current results for the first time
demonstrated a statistically significant improvement of survival in these afflicted KD
patients. Further development of new treatments or improvements to the existing treatment
will be needed to significantly enhance quality of life of Krabbe patients. Such studies will
presumably develop therapies (Helman et al., 2014; Wegner and Luzi, 2014) to be compared
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to the benchmarks for survival established in the current paper and for neurodevelopmental
outcomes that were established by Escolar, et al. (2005).
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SIGNIFICANCE STATEMENT

Krabbe Disease is a severe, invariably fatal disorder. Transplanted stem cells from
umbilical cord blood can improve this condition, but is a risky procedure with10-20% of
those treated dying from complications of treatment. The long term effects of
transplantation on survival of patients with symptoms are not well understood. We
showed that transplantation more than doubles the chance that these patients will survive.
New and better treatments for this devastating disease will need to improve quality of life
while equaling or improving this survival result. That is, the current study sets a
benchmark for new treatments for post-symptomatic patients.
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Direct Adjusted Survivor Functions
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Figure 1.

This figure shows the survival curves for transplanted patients and matched controls who
were not transplanted. The difference between the levels of these curves at any given time
measures the effect of transplantation at that time.
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TABLE |

Preliminary Chi-Squared Analysis

TRANSPLANT

Died
Censored

Total

YES NO TOTAL
5 54 59
11 14 25
16 68 84
P=0.0004
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