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Abstract

Background: Among pediatric hematopoietic stem cell transplant (HSCT) recipients, abnormal glycemic control is shown to be

associated with increased risk of transplant-related mortality, death from any cause, risk of infection, increased hospitalized and

intensive care days. Independent effects of higher glycemic variability, a component of glycemic control, have not been described.

This study aimed to characterize risk factors for, and consequences of, higher glycemic variability in HSCT patients. Procedure:

Medical records for a cohort of 344 patients, age 0-30 years, who underwent first HSCT from 2007–2016 at Children’s Hospital

Colorado were retrospectively reviewed. Glucose coefficients of variation (CV) were analyzed for HSCT days -14 to 0 and 0-30,

and patients were assessed for potential risk factors and outcomes. Results: Roughly one third of patients had pre-HSCT and

day 0-30 glucose CV above the reported healthy adult range. Independent of HSCT type, doubling of pre-HSCT glucose CV

was associated with a 4.91-fold (95% CI 1.40-17.24) increased hazard of infection, as well as increased risk for intensive care

hospitalization for allogenic HSCT patients. Multivariable analysis demonstrated that allogeneic HSCT patients had a 1.40-

and 1.38-fold (95% CI 0.98-1.99 and 1.00-1.91) increased hazard of death for every doubling of pre-HSCT and Day 0-30 glucose

CV, respectively. Conclusions: Just as with higher mean glucose, higher glycemic variability in the pediatric HSCT population

is independently associated with significantly increased morbidity. Additional research is required to evaluate the utility of

glucose control to mitigate these relationships and improve HSCT outcomes.

Patients

An existing HSCT program database was used to identify all pediatric/AYA patients who underwent first
HSCT at a single academic children’s hospital from 2007-2016. Demographic and clinical data were extracted
from this database and electronic health records through March 31, 2017 via research informatics and manual
review. Inclusion criteria were: 1) age 0-30 at time of transplant, and 2) allogeneic or autologous HSCT
recipient at Children’s Hospital Colorado between January 1, 2007 and July 31, 2016. Exclusion criteria were:
1) pre-existing diabetes mellitus, 2) insulin requirement within the two weeks prior to transplant, and 3)
inadequate blood glucose data (<20 measurements total or <2 in a given period (pre-HSCT and post-HSCT
day 0-30)). Of 351 patients identified, the primary analyses included 344 patients. Four additional patients
were excluded only from pre-HSCT analyses due to too few glucose measurements pre-HSCT (n=340 for
these analyses). This study was approved by the University of Colorado Institutional Review Board.

Exposure and outcomes definitions

While debate exists among clinicians and statisticians about the best representation of GV, CV has begun
to emerge as the preferred metric due to its advantage of being relative to mean glucose and thus more de-
scriptive of hypoglycemic excursions than SD, which is largely only reflective of hyperglycemic excursions.4-7

Therefore, CV was used to measure GV for each subject using laboratory-measured serum glucose values
over pre-transplant (day -14 to 0) and post-HSCT (days 0-30) intervals to evaluate for HSCT-related stress
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GV and its effects. Because glucose CV is meant to reflect nonfasting glucose over an extended period, all
glucose values were included, exceptglucose values within one hour of a previous glucose value were censored
to reduce oversampling. Evaluation of potential outliers did not significantly impact results. Whole blood
glucose measurements were typically performed daily in the early morning (between 12 and 3 A.M.) during
hospital admission, and typically one to three daytime measurements per week after discharge. Because
natural glucose CV categories are not clearly defined, we analyzed glucose CV continuously for all models.
However, for descriptive purposes, glucose CV was categorized into four groups approximating published
nonfasting CV ranges in various populations. The groups are: healthy adults (Grade 1, <20%), adults who
are obese or receive aggressive oral therapy for type 2 diabetes (Grade 2, [?]20 and <27%), adults with
type 1 or 2 diabetes that is well-controlled with insulin (Grade 3, [?]27 and <36%) and adults with poorly
controlled type 1 diabetes (Grade 4, [?]36%).5,8

Post-HSCT outcomes included time to: death from any cause, transplant-related mortality (TRM), diagnosis
of severe GVHD (defined as acute grades III-IV or chronic) 9,10, clinically significant infection in the first
100 days, and ICU admission in the first 100 days post-HSCT. Clinically significant infections were defined
by hospitalization for a positive microbiology result or diagnostic/problem list code. Infections were further
categorized by serious bacterial infection (SBI), viremia/viruria, or invasive fungal infection. Serious bacterial
infections included infections such as bacteremia, bacterial peritonitis, meningitis, and pneumonia with
hypoxemia. To be classified as clinically significant for viremia/viruria, we required both positive high
viral load (of Ebstein Barr virus, Human herpes virus 6, adenovirus, cytomegalovirus, and BK virus) and
symptoms requiring hospitalization and treatment, when available. To reduce the risk of misclassification
bias, subjective outcomes (infection, GVHD) were reviewed by at least one study physician; any unclear
outcomes were classified by 1-3 additional study physicians.

A list of exposure variables/covariates and their definitions is provided in the appendix (Table S1). Data
were censored at the time of any recurrence/progression of primary disease, graft failure, or second HSCT.
Because of the nature of HSCT care, there was not a notable amount of missing data or loss to follow-up.

Statistical analysis

For all analyses, SAS v9.4 and R v 3.6.1 and a significance level of 0.05 was used. Descriptive statistics
included median and percentiles (minimum, 25th percentile, 75thpercentile, maximum) for continuous vari-
ables, and counts and percentages for categorical variables. For all inferential analyses, glucose CV was log
transformed due to non-normal distribution. Base 2 was chosen for ease of interpretation and the estimates
were back transformed.

Linear regression was used to test for associations between potential risk factors for increased glucose CV
at each time intervals. Potential predictors included: age, BMI category, primary diagnosis, conditioning
regimen, and pre-transplant steroids, asparaginase, insulin, and radiation. For the post-HSCT glucose
CV model, additional predictors were considered: HSCT type, and post-HSCT steroids, radiation, and
total parenteral nutrition (TPN). The final models were chosen based on the lowest Akaike information
criterion (AIC). An additional multivariable linear regression model evaluated the effects of post-HSCT
immunosuppressive agents (sirolimus, tacrolimus, cyclosporine, methotrexate) on post-HSCT glucose CV.

Associations between glucose CV and time-to-HSCT outcomes were examined using Cox proportional haz-
ards models. Glucose values were censored at the time of the event. For time-to-infection, ICU and GVHD
analyses, death was treated as a competing risk. For TRM, death due to other causes was treated as a
competing risk. Associations between pre-HSCT and day 0-30 glucose CV and both time to death and TRM
were adjusted for HSCT type, severe GVHD diagnosis, and the need for post-HSCT steroids. The model
evaluating day 0-30 glucose CV and GVHD excluded patients with GVHD in the first 30 days (n=9) and
adjusted for steroids received post-HSCT but pre-GVHD diagnosis.

Because infections and ICU stays frequently occurred soon after HSCT (the median days to infection was
19 (interquartile range [IQR] 10.5-32.5)), only pre-HSCT glucose CV could be evaluated for an association
with time to these events. Similarly, due to the short follow-up window post-HSCT and pre-infection/ICU
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stay, we were unable to adjust for steroid exposure, but we did adjust for HSCT type. Associations between
pre-HSCT glucose CV and infection subtypes were evaluated using logistic regression, as patients could have
had multiple types of infections, requiring significant censoring for each infection subtype. Viremia was
evaluated only in patients who underwent allogeneic HSCT, as these were the only patients who underwent
routine viral surveillance testing. Interactions between glucose CV and transplant type as well as glucose
CV and steroids were tested for in all models and included if p<0.10 for the interaction term.

To assess for the effect of possible outliers in glucose values, all analyses were re-run without glucose values
> 500 mg/dL. This did not significantly change any results, so is not reported.

Results

Patient Characteristics

Among the 344 patients included in the full cohort, median age at transplant was 8.0 years (IQR (3.0-
15.0) and 59% were male (Table 1). Of all transplants, 65% were allogeneic and the primary indication for
transplant was malignancy in 75% of patients.

Glycemic variability

There was a median of 37 glucose measurements from day -14 to day 30 per subject (IQR 32-40), with a
median of 8 pre-HSCT (IQR 8-8), and 30 in days 0-30 (IQR 24-31). The median glucose CV was 17.8%
(IQR 11.2-24.4%) pre-HSCT and 15.5% (IQR 11.6-24.2%) post-HSCT. While no normal glucose CV ranges
have been described in pediatric patients, 38% of patients pre-HSCT and 33% of patients in day 0-30 had
a CV above the reported healthy adult range (Table S2).8 Figure 1 demonstrates CV distributions by time
interval and glucose CV grade.

Table 3 demonstrates multivariable models to assess for risk factors associated with glucose CV. Prior
asparaginase exposure and non-malignant diagnosis were associated with higher pre-HSCT CV, whereas post-
HSCT glucose CV was increased with pre-HSCT radiation to the pancreas (excluding total body irradiation
[TBI]), prior insulin therapy, allogeneic HSCT, day 0-30 steroid exposure, and post-HSCT TPN. Overweight
BMI was associated with decreased glucose post-HSCT CV. Additionally, among patients who underwent
allogeneic transplant, GVHD prophylaxis with tacrolimus was associated with increased glucose CV after
adjusting for exposure to other immunosuppressive agents.

Overall Survival and Treatment-Related Mortality

The median duration of follow-up for surviving patients was 2.9 years (IQR 1.3-4.8) years. Death occurred
in 100 (29.1%) patients, with 60 dying from the primary disease, 36 from a complication, and four from
another/unknown cause. Of patients who died post-HSCT, the median days from HSCT to death was 264
(IQR 135-500).

The relationship between glucose CV and risk of death was dependent on HSCT type (p=0.079 pre-HSCT
and p=0.024 post-HSCT). After adjusting for post-HSCT steroids and GVHD, doubling of day 0-30 glucose
CV was associated with a 1.38 (95% CI: 0.996-1.91 p=0.053) fold increased risk of death among allogeneic
HSCT patients, versus a 0.75 (95% CI: 0.48-1.15; p=0.18) fold increased risk among autologous HSCT
patients (Table 3, Figure 2). Glucose CV was not associated with treatment-related mortality (TRM)
(Table 3, Figure 2).

Infection

In the first 100 days post-transplant, 195 (57%) patients had at least one documented infection; 80 (23.3%)
had a SBI, 153 (44%) had viremia/viruria, and 14 (4%) had an invasive fungal infection. The median days
to infection was 19 (IQR 10.5-32.5).

After adjusting for HSCT type, there was a 4.91 (95% CI 1.40-17.24; p=0.013) fold increased hazard of
infection with every doubling of pre-HSCT glucose CV (Table 3, Figure 3). While there was no association
between pre-HSCT glucose CV and odds of SBI or fungal infection in the first 100 days, among allogeneic
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HSCT patients, the odds of viremia was 1.77 (95% 1.23-2.56; p=0.002) fold higher with each doubling of pre-
HSCT glucose CV. Because 71% of infections occurred in the first 30 days, it was not possible to evaluate for
an association between day 0-30 post-HSCT glucose CV and time-to-infection due to overlapping intervals.

GVHD

Of 225 patients receiving allogeneic transplants, 50 (22.2%) developed severe GVHD (median days to diag-
nosis 74 (IQR 37-208)) (Table 3). Neither pre-HSCT nor day 0-30 GV were associated with time-to-GVHD
in multivariable analysis.

ICU Hospitalization

Intensive care hospitalization in the first 100 days was necessary for 75 (22%) patients, with a median of
29 days (IQR 11-54) between HSCT and ICU hospitalization. For allogeneic HSCT patients, there was a
1.65 (95% CI 1.15-2.35; p=0.006) fold increased risk of ICU hospitalization for every doubling of pre-HSCT
glucose CV. There was no association among autologous HSCT patients. Because 53% of patients requiring
ICU hospitalization did so before day 30, associations between day 0-30 variability and time-to-ICU could
not be evaluated.

Discussion

This retrospective cohort study demonstrates that GV is common in pediatric patients undergoing HSCT,
and that it is associated with increased risk of infection and critical illness. These associations are consistent
with research describing malglycemia as a whole, both in adult and pediatric HSCT patients.1-3 Associations
between GV and mortality were less clear.

Roughly one third of patients both pre- and post-HSCT had glucose CVs that were in the range of adults
who are either obese or have diabetes, with a striking 8-10% of pediatric patients having glucose CVs above
the proposed cutoff for poor control in patients with type 1 diabetes.5 This suggests that the physiologic
stress or iatrogenic exposures prior to and during HSCT, such as pre-HSCT asparaginase, radiation and
preparative chemotherapy, or post-HSCT intravenous fluids, TPN, immunosuppressive agents, and steroids,
appears to lead to abnormal insulin secretion or sensitivity, resulting in pediatric HSCT patients experiencing
a pathologic level of GV.

In the pre-HSCT period, non-malignant diagnosis and prior treatment with asparaginase were associated
with increased glucose CV. Asparaginase has known associations with pancreatitis and hyperglycemia, so
this finding is not surprising.11-13 However, the reason for an association between non-malignant HSCT indi-
cations and higher glucose CV is unclear, as no patients in this group had disorders with known associations
with glucose intolerance, and no patients had existing diabetes mellitus.14 It is possible that patients with ma-
lignant underlying diagnoses were more tolerant of the stress associated with HSCT preparation due to their
prior treatment with chemotherapy, while for nonmalignant HSCT patients, HSCT preparation may have
been more disruptive. While our prior research evaluating risk factors for pre-HSCT malglycemia identified
underlying malignant diagnosis and adolescent age as risk factors, these were not associated with pre-HSCT
glucose CV; thus, these findings were likely driven by hyperglycemia and not variability.3 Additionally, sev-
eral other hypothesized risk factors, such as being overweight/obese, having prior steroid exposure, or having
prior insulin needs, were not significant risk factors for increased pre-HSCT glucose CV. This may suggest
that stress and exposures associated with HSCT result in these patients having similar glucose tolerance to
an obese adult, regardless of BMI. The number of obese/overweight patients was small, so further studies to
confirm this relationship are needed.

Consistent with prior literature on malglycemia or hyperglycemia, post-HSCT glucose CV was increased
for patients who underwent allogeneic HSCT or who were treated with post-HSCT steroids or TPN.1,3,15-19

Prior insulin needs and any pre-HSCT radiation to the pancreas were associated with post-HSCT but not
pre-HSCT increased glucose CV, suggesting that either the stress/exposures of undergoing a conditioning
regimen levels out these factors pre-HSCT, or that post-HSCT, patients are more sensitive to their prior
exposures.
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The high prevalence of elevated glucose CV in this study, and risk factors for it, are notable because increased
glucose CV was associated with adverse HSCT outcomes. Specifically, there was nearly a 5-fold increased
risk of infection with doubling of pre-HSCT glucose CV, after adjusting for HSCT type. As can be visualized
in Figure 1, median glucose CVs spanned a wide range, so differences in glucose CV of this magnitude (for
example from 15% to 30%) are not an uncommon occurrence. Fortunately, there was not a similar association
for patients who underwent autologous HSCT, which may be related to lower risk of early death.

While glucose CV was associated with viremia among allogeneic HSCT patients, our analysis did not demon-
strate significant associations with SBI or fungal infection. This could be due to the confounding factor of the
potential for multiple infections of different subtypes and inability to explore time-to-infection subtype, or
due to the low number of fungal infections in our cohort. While potential underlying pathophysiology is de-
tailed more below, future studies are needed to explore the mechanisms underlying the association between
GV and viremia, including an evaluation of additional factors such as conditioning regimens (e.g. T-cell
depletion), and lymphocyte function and microenvironment. As may be expected given the associations be-
tween GV and risk of infection, there was also an association between glucose CV and ICU hospitalization,
but only among allogeneic HSCT patients. While we did not evaluate for an association between GV and
relapse based on lack of association between malglycemia and relapse in our prior study, future studies may
evaluate this specifically, and should also consider the association between GV and rarer events, such as
graft failure, sinusoidal obstructive syndrome, and thrombotic microangiopathy. This study was not able to
evaluate the latter two of these events not only because of anticipated low numbers of events, but because
diagnosis and treatment of these events changed drastically over the course of this observation period. Of
note, in addition to adjusting for treatment with steroids, HSCT type and other potential confounders when
able, for all analyses, glucose values after the time of the event were censored. By doing so, any GV preceded
the associated event. demonstrating temporality, which is critical in considering potential causation.

While the underlying pathophysiology of the association between hyperglycemia and adverse outcomes is
more clearly hypothesized to be related to known immunologic effects such as increased inflammation and
impaired leukocyte function, the possible pathophysiologic relationship between GV and outcomes is less
well described.1,15,20-23 However, several studies have demonstrated associations between wide glucose fluc-
tuations and both oxidative stress and endothelial cell apoptosis, which may lead to microvascular damage,
inflammatory milieu, and disruption of normal immune function.24-26. In addition to these potential mecha-
nisms, hyperglycemia is known to 1) impair neutrophil activity including chemotaxis, formation of reactive
oxygen species, and phagocytosis; 2) impair lymphocytes by increasing apoptosis, suppressing proliferation
and attenuating antibody production and function; and 3) increase pro-inflammatory state cytokines such
as IL-6 and TNF-α.1,15,20,21,27-29 These changes, if true of variability as well, may explain the association
between GV and viral infections, particularly through lymphocyte dysfunction. Further, if GV potentiates
post-HSCT inflammatory milieu, increased risk for HSCT complications, more generally, may be expected.

Understanding the degree and mechanism by which GV contributes to HSCT complications and, potentially,
mortality, and how these might be modifiable with improved glycemic control, is critical. If these are
strengthened with future prospective studies, patients may benefit from supportive care interventions (e.g.
enteral feeding instead of TPN, selection of immunosuppressive agents, insulin therapy) aimed at reducing
GV. It is important to note, that multiple pediatric and adult studies evaluating the benefit of improved
glucose control in non-HSCT patients in the intensive care setting were disappointing, often due to high risk
of hypoglycemia.30-34 However, diabetes technology has progressed since these studies, and safe, intensive
glucose control is increasingly feasible. Further, HSCT patients, who are likely to be at risk for longer than
typical ICU patients, may find more benefit.

Even if there is no causal link, GV may serve as a useful biomarker for risk of post-HSCT complications such
as infection or critical illness; predicting abnormal glucose control based on pre-HSCT characteristics may
be useful for tools such as the pre-transplant comorbidity prognostic index.35 However, prior to assessing the
utility of adjusting such tools or performing glucose interventions in patients, additional prospective work is
needed.
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This study has several limitations that must be considered when discussing implications and future studies.
As with any retrospective study, causality cannot be determined. Prospective studies are necessary to confirm
our results, as well as re-evaluate for associations between GV and mortality. Further, outcomes such as
invasive fungal infection and GVHD relied on correct international classification of diseases (ICD) diagnostic
coding and manual review and therefore have potential for misclassification bias. While this is unlikely to
bias the data as classification challenges would be true across all patients, it may have resulted in decreased
statistical power due to underreporting. Most limiting was our previously mentioned inability to evaluate
for associations between post-HSCT GV and outcomes that tended to occur early in the post-HSCT period,
such as infection and ICU hospitalization. As such, it is possible that this study missed a true underlying
association between post-HSCT GV and increased infection or ICU stays. Additionally, while this study
aims to highlight correlations between GV and adverse events, any biological causes are hypothetical and
require prospective human and animal model-based studies. To this end, future work will use continuous
glucose monitoring to prospectively describe GV, its risk factors, and associated outcomes. While this study
demonstrated relationships between stress GV immediately preceding and following HSCT and outcomes;
future work should evaluate whether GV that predates HSCT-related stress is also associated with adverse
outcomes.

In summary, GV is a common occurrence in the pediatric HSCT population and is associated with increased
risk of infection and critical illness in HSCT patients. Because GV is subtle and may be more easily overlooked
than hyperglycemia or hypoglycemia by care teams, special attention to understanding its incidence, risk
factors, and implications, is necessary.
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Figure legends

Figure 1. Distribution of patient glucose coefficient of variation (CV) values for time interval
and grade. The pre-HSCT interval is shown in Panel A and the day 0-30 post-HSCT interval in Panel B.
Glucose CVs are color-coded to demonstrate grades: Grade 1 <20% (green), approximating CV of healthy
adults (Grade 1, <20%); Grade 2 [?]20-<27% (orange), approximating CV of adults who are obese or receive
aggressive oral therapy for type 2 diabetes; Grade 3 [?]27- <36% (purple), approximating CV of adults with
type 1 or 2 diabetes that is well-controlled with insulin; and Grade 4 [?]36% (pink), which has been defined
as the cutoff for adults with poorly controlled type 1 diabetes. The distribution of patient glucose CVs
demonstrates right skew and a marked number of patients with glucose CVs in the range of glucose CVs of
adults who are obese or have diabetes.
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Figure 2. Hazard ratios for all-cause mortality by glucosecoefficient of variation (CV) stratified
by hematopoietic stem cell transplant (HSCT) type for the pre-HSCT (Panel A) and day 0-30
(Panel B) intervals; hazard ratios for transplant-related mortality (TRM) for the pre-HSCT
(Panel C) and day 0-30 (Panel D) intervals.There was an interaction between glucose CV and HSCT
type for risk of all-cause mortality models (p=0.079 pre-HSCT, p=0.02 post-HSCT); as such, Panels A and
B are stratified by HSCT type. Among allogeneic HSCT patients and after adjusting for post-HSCT steroid
therapy and diagnosis of severe graft versus host disease (GVHD), there was not a significant association
between pre-HSCT glucose CV and risk of death (HR 1.40; 95% CI 0.98-1.99) (Panel A). In a similar analysis
for day 0-30 glucose CV, there was an increase in risk of death with every doubling of day 0-30 glucose CV
(HR 1.38; 95% CI 1.00-1.91) (Panel B). In contrast to risk of all-cause mortality, there was no interaction
between glucose CV and HSCT type in TRM models. There was not a significant association between pre-
HSCT (HR 1.42; 95% CI 0.92-2.19) or day 0-30 (HR 1.33; 95% CI 0.86-2.06) glucose CV and TRM, after
adjusting for HSCT type, post-HSCT steroid therapy, and severe GVHD (Panels C-D).

Figure 3. Adjusted hazard ratio for time-to-infection (top figure) and adjusted odds of infection
subtypes (bottom figure) for each doubling of pre-hematopoietic stem cell transplant (HSCT)
glucose coefficient of variation (CV). There was a 4.91 (95% CI 1.4-17.24)-fold higher risk of infection
with each doubling of pre-HSCT glucose CV, after adjusting for transplant type. Among allogeneic HSCT
patients, there was a 1.77-fold (95% CI 1.23-2.56) increased odds of viremia/viruria post-HSCT with every
doubling of pre-HSCT glucose CV. Odds of viremia was not assessed for autologous HSCT patients. Among
all patients, adjusted for HSCT type, there was no increased odds of serious bacterial illness (SBI) or fungal
infection with increasing pre-HSCT glucose CV.
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