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Aim: Elevated serotonin in patients with neuroendocrine tumors (NETs) may impact heart failure inci-
dence but a quantitative relationship has not been established. Materials & methods: Systematic review
and meta-analysis of studies assessing 24-h urinary 5-hydroxyindoleacetic acid (u5-HIAA) and mortality in
patients with NETs (2007-2017) with a primary outcome of 1-year mortality risk and 24-h u5-HIAA. Re-
sults: We identified 1715 records of which 12 studies including 755 patients (3442 person-years with 376
deaths) were eligible for meta-analysis. Mean u5-HIAA was 149.2 mg/24 h (standard deviation: 96.6) and
mortality was 13.0%. The meta-regression equation showed an 11.8% (95% Cl: 8.9-17.0%; P’ = 93.0%)
increase in 1-year mortality for every ten-unit increase in u5-HIAA. Conclusion: Serotonin measured by its
metabolite u5-HIAA is predictive of 1-year all-cause mortality in patients with NETs.
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Neuroendocrine tumors (NETs) are relatively rare, with an incidence of approximately 70 cases per 1 million people,
but present significant challenges in detection and management [1-4]. The prevalence of NETs has increased steadily
from 0.006 to 0.048% over the past 20 years due to improvements in recognition, characterization, imaging and
management [1,5-7]. In some patients, a NET can metastasize to the liver and drive the over-secretion of peptides,
neuroamines and hormones such as serotonin and histamine [8,9]. Most NETs are considered secretory, or functional,
tumors, a certain percentage of which can lead to the development of carcinoid syndrome (CS) [91. CS is typically
characterized by flushing and diarrhea but can also include dyspnea, wheeze and heart valve damage [10,11]. In the
latter case, if serotonin levels are chronically elevated, carcinoid heart disease (CaHD) may develop [12]. CaHD has
an estimated incidence of five cases per 1 million people; as many as 70% of patients with CS may develop CaHD
during the course of their disease [13,14].

CaHD is driven by high serotonin levels [12]. This elevated serotonin facilitates the formation of endocardial
fibrotic plaques by stimulating fibroblast proliferation, primarily on the right side of the heart (121. CaHD can
be difficult to diagnose and may not be detected until symptoms of right heart failure emerge, such as shortness
of breath on exertion, fatigue and ankle edema [12]. The poor cardiac status of patients with CaHD negatively
impacts patients’ quality of life and increases risk of mortality [15]. Among patients with small intestine NETs, a
5-year overall survival rate of 37% has been reported for those with CaHD, compared with 71% for those without
CaHD [16]. Median survival for NET patients with CaHD has been reported to range from 1.6 to 4.6 years [14].

High systemic serotonin has been implicated in CaHD [12). While an elevated serotonin level is considered a strong
predictor of heart disease progression, a precise correlation between its metabolic product, 5-hydroxyindoleacetic
acid (5-HIAA), and survival in patients with NETs has remained elusive [17,18]. For example, Zandee ¢t a/. did
not find urinary 5-HIAA (u5-HIAA) to predict clinical outcome when adjusted for disease severity and other ~ Futu re v

biomarkers, while Tirosh et a/. have reported 5-HIAA to be useful for risk stratification and disease progression ~ Medicine ™
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in patients with NETs [19,20]. To further explore this relationship, we conducted a systematic literature review and
meta-analysis of studies investigating associations between 5-HIAA and mortality in patients with NETs.

Materials & methods

Search strategy & selection criteria

We conducted a systematic literature review and meta-analysis of summary data from randomized controlled trials or
observational studies reporting u5-HIAA and mortality outcomes in patients with NETs. We followed the PRISMA
(www.prisma-statement.org) guidelines for reporting of systematic reviews and meta-analyses. Studies had to be
published in English between 1 January 2007 and 31 December 2017 and indexed in MEDLINE® /PubMed®
or Embase® databases. Studies that did not report a mortality outcome in patients with NETs, CS or CaHD,
or reported outcomes as categorical or otherwise incompatible measures, were excluded, as were case reports,
editorials, letters and other publications not reporting original outcomes. Search terms included [‘neuroendocrine
tumor’ OR ‘carcinoid syndrome’ OR ‘carcinoid heart disease’ OR ‘gastroenteropancreatic tumor’ OR ‘GEP NET”
OR ‘midgut neuroendocrine tumor’ OR ‘midgut NET” OR ‘ileal neuroendocrine tumor’ OR ‘ileal NET” OR
‘small bowel neuroendocrine tumor’ OR ‘small bowel NET’] AND [‘urinary 5-HIAA” OR ‘5-hydroxyindoleacetic
acid’] AND [‘mortality’ OR ‘death’]. Publishers or authors were contacted to request copies of records not readily
available for purchase or otherwise. The primary search was supplemented by a hand search of grey literature
sources and bibliographies of published studies including previously published reviews, Google Scholar (https:
/Ischolar.google.com), and studies registered with Clinical Trials.gov (https://clinicaltrials.gov). Study screening and
data extraction were performed by two independent reviewers (D Patel, ] Verma) with adjudication by a third
reviewer (HD Shao).

Data analysis

Data were extracted into table shells defined « priori including study, patient and outcome information (study
design, year of publication, corresponding author, number of patients, study period, duration of follow-up, explicit
presence of CS or CaHD, mean 24-h u5-HIAA and number of deaths), and checked for redundancy by two
independent extractors. Data extraction and risk of bias assessments were performed according to standards set
forth by the Cochrane Handbook for Systematic Reviews of Interventions [21]. Heterogeneity was assessed using
the 7 statistic.

We constructed a statistical model to explore the relationship between u5-HIAA and mortality in NET patients.
The hypothesis was that 1-year mortality would be higher with increasing levels of 5-HIAA. Initial Pearson
correlation between u5-HIAA and mortality yielded a coefficient of 0.48 which supported further regression
analysis. Shapiro—Wilk and Anderson—Darling tests indicated non-normality of the dataset, which was then log-
transformed using the R logit function. Mortality outcomes were all converted to person-years for pooled analysis
of included studies.

A random effects meta-regression model using the DerSimonian and Laird approach and the restricted maximum
likelihood method (REML) was used to estimate the relationship between 5-HIAA levels and 1-year mortality [22].
Mortality event rate was based on the number of patient deaths during the reported study period divided by the
total number of patients in the study. All mortality outcomes were converted to 1-year estimates and all 5-HIAA
values were converted to mg per 24 h.

All authors reviewed the selected studies for appropriateness according to the inclusion criteria and analysis plan,
and all authors had access to and reviewed the extracted study data. All analyses and statistical modeling were
conducted using R software, including the metafor, meta, weights, metagen and plotly packages [23-27].

Role of the funding source

The funder of the study, Lexicon Pharmaceuticals, Inc. (The Woodlands, TX, USA), participated in study design,
data interpretation and writing of the report. The corresponding author had full access to all the data in the study
and had final responsibility for the decision to submit for publication.

Results

A rtotal of 1715 records were screened by title and abstract of which 208 qualified for full-text review. Twelve
studies reporting 24-h u5-HIAA and mortality in 757 patients contributed a total of 3442 person-years that were
included in the analysis (Figure 1). Individual study arms were distinguished from two trials [28,29], for a total of 14
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1715 potentially eligible studies
identified by database search

128 duplicates excluded

1587 identified for screening

1379 excluded
557 non-study publications
383 patients did not have NET
309 urinary 5-HIAA and mortality not reported
130 not retrievable

208 reviewed in-depth

196 excluded
106 patients did not have NET, CS or CaHD
66 urinary 5-HIAA and mortality not reported
24 categorical or incompatible outcome measure

12 eligible studies

Figure 1. Study selection.
5-HIAA: 5-hydroxyindoleacetic acid; CaHD: Carcinoid heart disease; CS: Carcinoid syndrome; NET: Neuroendocrine
tumor.

analyzable study arms from the 12 studies. Eight of the 14 study arms included patients with NETs and CaHD,
and two with NETs and CS, specifically. Characteristics of the included studies are presented in Table 1.

Mean u5-HIAA across all studies was 149.2 mg/24 h (standard deviation: 96.6). The reference range for this
marker is 3.0 to 15.0 mg/24 h (40]. The overall mortality rate was 13.0% (95% CI: 9.0-20.0%; Figure 2). Study
arms comprized of patients with a NET and CS specifically had average 5-HIAA levels of 161.0 (two studies) with
a mortality rate of 8.2%. Those with a NET and CaHD had average 5-HIAA levels of 199.2 (eight studies) with a
mortality rate of 27.8%.

Every ten-unit increase in u5-HIAA predicted an 11.8% (95% CI: 8.9-17.0%) increase in 1-year mortality
(Figure 3). The association between higher 5-HIAA and mortality remained significant after controlling for
underlying comorbidity (NET only, CS, CaHD; p = 0.007). The heterogeneity among studies was expectedly
high (7 = 93%). The risk of bias assessment revealed no significant sources of bias among studies included in the
meta-analysis (Supplementary Data).

Discussion
This systematic review and meta-analysis demonstrated a significant relationship between elevated u5-HIAA and
mortality in patients with NETs. Every ten-unit increase in u5-HIAA predicted an 11.8% increase in 1-year
mortality among this vulnerable population. Previous reports have correlated chronic elevated serotonin levels
with CaHD and poorer outcomes [12,41,42]. The relationship between urinary levels of its metabolite, 5-HIAA
and long-term outcomes in patients with NETs has not been clearly defined. Though several informal narrative
reviews are available, to our knowledge this is the first systematic literature review and quantitative analysis closely
examining reports of u5-HIAA and mortality in this population.

NETs that lead to CaHD are secretory in nature. The vasoactive substances released by secretory NETs, including
5-hydroxytryptamine (serotonin; 5-HT), histamine, tachykinins and prostaglandins are metabolized by the liver and
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Deaths/person-years Mortality rate
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Figure 2. Forest plot of 1-year mortality in patients with neuroendocrine tumors.
1.00
0.50
=
g
o 0.20
£
§
> 0.10+
o
o
o
0.05
0.02
T T T T T T T T
0 50 100 150 200 250 300 350
Urinary 5-HIAA
Figure 3. Meta-regression of urinary 5-hydroxyindoleacetic acid and 1-year mortality.
contribute to the cardiac manifestations [12,17,43,44]. Growing evidence suggests that serotonin (5-HT) plays a key
role in the pathogenesis of CaHD and has been implicated in tumor growth [18,45,46]. Medications with serotonergic
actions on human tissue have been found to lead to heart valve pathology similar to that seen in patients with
NETs and CaHD (47,48]. Indeed, 5-HT has been shown to increase synthesis of TGF-f which accumulates on heart
valves [26,49,501. 5-HT is metabolized by the liver and excreted in the urine as 5-HIAA which has been shown to be
a reliable predictor of NET burden and CS, and can identify CaHD patients with very high sensitivity, though low
specificity (17,51]. This systematic review and meta-analysis has elucidated the association between higher 5-HIAA
1402 Future Oncol. (2019) 15(12) future science group
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and mortality even after controlling for the presence of CS or CaHD. Interestingly, mortality rates were observed
to increase in the presence of CS and CaHD. A recent pooled analysis of two prospective trials in patients with
NETs reported elevated 5-HIAA levels even in the absence of CS symptoms, and a significant correlation between
decreases in 5-HIAA and increases in progression-free survival [52]. These findings underscore the need for effective
medical management options for patients with elevated serotonin levels, especially those who have already developed
CaHD, where serotonin-reducing treatments may play an important role.

This analysis should be interpreted in light of certain strengths and limitations. A broad literature review was
conducted to identify the greatest number of potentially relevant studies with clearly defined inclusion parameters
to investigate 24-h u5-HIAA and mortality, which yielded a considerable sample size for quantitative analysis. The
search was confined to the most recent 10 years to preserve as much relevance to current clinical practice and patient
populations as possible. This may have limited the number of studies reporting u5-HIAA and mortality in this
population. The precision estimates around nearly all study arms, with the exception of two, independently suggested
increased risk of mortality with higher levels of 5-HIAA. The estimate of heterogeneity among contributing studies
was expectedly high (7 = 93%) considering these were predominantly observational studies conducted in various
settings worldwide and over many years.

Conclusion

This study suggests that u5-HIAA levels are predictive of 1-year mortality in patients with NETs. Further research
is needed to clarify and address serotonin levels in patients with NETs, with the ultimate goal of reducing mortality
in this vulnerable population.

Future perspective

To our knowledge, this meta-analysis provides the first report of a quantifiable relationship between systemic
serotonin level and risk of 1-year all-cause mortality in patients with NETs. Previous reports have associated
elevated serotonin with CaHD and poor outcomes, but not in a systematic manner. We report a predictable risk
of 1-year mortality according to 5-HIAA levels that was further elevated in the presence of CS or CaHD. The
results of our meta-analysis suggest a clear, quantifiable relationship between elevated serotonin and mortality in
patients with NETs. Additional research may further clarify this relationship, including among patient subgroups
and support the efforts to improve long-term outcomes for these patients.

Executive summary

e Serotonin and the burden of carcinoid heart disease (CaHD). High systemic serotonin has been implicated in
cardiovascular morbidity among patients with neuroendocrine tumors, particularly those with carcinoid syndrome
and CaHD, but the relationship between mortality and serotonin in these patients has remained elusive.

e Objective of the systematic review. This systematic review and meta-analysis included studies published over the
past 10 years reporting 24-h urinary levels of the serotonin metabolite 5-hydroxyindoleacetic acid (5-HIAA) and
mortality in patients with neuroendocrine tumors.

e Published studies on this topic. The 14 study arms from 12 eligible studies included 755 patients (3442
person-years) and 375 deaths.

e Serotonin and mortality finding. Every ten-unit increase in 24-h urinary 5-HIAA predicted an 11.8% (95% ClI:
8.9-17.0%; I? = 93.0%) increase in 1-year mortality.

Supplementary data
To view the supplementary data that accompany this paper please visit the journal website at: www.futuremedicine.com/doi/sup
pl/10.2217/fon-2018-0960
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