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Abstract
Objectives—Plasma tryptophan levels are associated with delirium in critically ill patients.
Although tryptophan has been linked to the pathogenesis of other neurocognitive diseases through
metabolism to neurotoxins via the kynurenine pathway, a role for kynurenine pathway activity in
intensive care unit brain dysfunction (delirium and coma) remains unknown. This study examined
the association between kynurenine pathway activity as determined by plasma kynurenine
concentrations and kynurenine/tryptophan ratios and presence or absence of acute brain
dysfunction (defined as delirium/coma-free days) in intensive care unit patients.

Design, Setting, and Patients—This was a prospective cohort study that utilized patient data
and blood samples from the Maximizing Efficacy of Targeted Sedation and Reducing Neurologic
Dysfunction trial, which compared sedation with dexmedetomidine vs. lorazepam in mechanically
ventilated patients.

Measurements and Main Results—Baseline plasma kynurenine and tryptophan
concentrations were measured using high-performance liquid chromatography with or without
tandem mass spectrometry. Delirium was assessed daily using the Confusion Assessment Method
for the Intensive Care Unit. Linear regression examined associations between kynurenine pathway
activity and delirium/coma-free days after adjusting for sedative exposure, age, and severity of
illness. Among 84 patients studied, median age was 60 yrs and Acute Physiology and Chronic
Health Evaluation II score was 28.5. Elevated plasma kynurenine and kynurenine/tryptophan ratio
were both independently associated with significantly fewer delirium/coma-free days (i.e., fewer
days without acute brain dysfunction). Specifically, patients with plasma kynurenine or
kynurenine/tryptophan ratios at the 75th percentile of our population had an average of 1.8 (95%
confidence interval 0.6–3.1) and 2.1 (95% confidence interval 1.0–3.2) fewer delirium/coma-free
days than those patients with values at the 25th percentile (p = .006 and p < .001, respectively).
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Conclusions—Increased kynurenine pathway activation, assessed by plasma kynurenine and
kynurenine/tryptophan ratio, was associated with fewer days alive and without acute brain
dysfunction in intensive care unit patients. Future studies are warranted to clarify this relationship
and investigate potential therapeutic interventions.

Keywords
brain dysfunction; delirium; kynurenine; mechanically ventilated

Delirium in intensive care unit (ICU) patients is an independent predictor of increased costs
(1), length of hospital stay (2–4), and poor outcomes, such as long-term cognitive
impairment (5, 6) and death (7–11). Despite its high prevalence among mechanically
ventilated patients (12–14), the pathophysiology of delirium remains hypothetical and
unproven (15, 16). Abnormalities in neurotransmission (17–19), inflammation (20–22), and
cerebral blood flow (23, 24) are leading hypotheses implicated as directly or indirectly
contributing to acute brain dysfunction, which clinically manifests as delirium and coma.
Furthermore, markers of central nervous system damage such as S100B-protein have been
associated with acute brain dysfunction (23, 25, 26). We have previously shown that the
ratio of tryptophan to other large neutral amino acids was significantly associated with
delirium (27), implicating tryptophan—a precursor for the neurotransmitter serotonin—in
the pathogenesis of delirium. It was unclear, however, whether perturbations in tryptophan
levels were associated with delirium because of alterations in serotonin concentrations in the
brain or because of the production of downstream metabolites of tryptophan that are
potentially neurotoxic.

Although previous hypotheses implicating tryptophan in the pathogenesis of delirium have
focused on the serotonin/methoxyindole pathway of tryptophan metabolism, which may lead
to disturbances in serotonin and melatonin neurotransmission (27–29), it has been estimated
that close to 90%–95% of tryptophan metabolism occurs via the kynurenine pathway (30,
31) (Fig. 1). This less commonly recognized pathway of tryptophan metabolism has been
implicated in the pathogenesis of numerous central nervous system disorders, including
Alzheimer disease (32–34), Huntington’s disease (35), amyotrophic lateral sclerosis (36),
human immunodeficiency virus-induced cerebral dysfunction (34, 37), depression (30),
psychosis (38), seizure disorders (39), and traumatic brain injury (40). These neurologic
injuries are hypothesized to be secondary to metabolites of the kynurenine pathway such as
quinolinic acid, 3-hydroxykynurenine, 3-hydroxyanthranilic acid, and picolinic acids (41,
42) (Fig. 1), which can lead to neuronal and microglial cell injury, excitotoxicity, and
apoptosis (32, 43–45). There is evidence now that microglia and astrocyte activation can
itself promote neuronal and glial apoptosis and that this may play an important role in
delirium and subsequent cognitive impairment (46, 47). Thus metabolites of the kynurenine
pathway may be associated with delirium via both microglial activation and subsequent
neuronal injury.

The first and rate-limiting step in the kynurenine pathway is the formation of kynurenine
from tryptophan via ubiquitously expressed indoleamine-2,3-dioxygenase or hepatic
tryptophan-2,3-dioxygenase (Fig. 1). Because indoleamine-2,3-dioxygenase and
tryptophan-2,3-dioxygenase are rate-limiting steps of the kynurenine pathway, the plasma
kynurenine concentration and the kynurenine/tryptophan ratio are both excellent surrogate
measures of kynurenine pathway activity (48, 49). Kynurenine concentration within the
central nervous system is controlled by three main mechanisms: kynurenine movement from
the peripheral circulation (42) across the blood brain barrier through the large neutral amino
acids transporter (50); basolateral secretion of kynurenine from blood–brain barrier cells
such as endothelial cells and pericytes (45); and kynurenine synthesis from tryptophan
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within the central nervous system by astrocytes and microglia (45, 51). Each of these
mechanisms are upregulated in inflammatory states or in response to immune system
activation, resulting in increased kynurenine in the central nervous system (45, 51).

Increased kynurenine in the brain can lead to the production of both neuroprotective and
neurotoxic metabolites. An imbalance in the production of beneficial and neurotoxic
kynurenine metabolites might explain the development of acute brain dysfunction in ICU
patients. Kynurenic acid, for example, is a metabolite with neuroprotective properties (30,
44) that is produced by astrocytes in response to increased kynurenine levels (Fig. 1).
Quinolinic acid, alternatively, is a neurotoxic metabolites of tryptophan and kynurenine
produced by microglia (41, 42), which also produce 3-hy-droxykynurenine, 3-
hydroxyanthranilic acid (51) and picolinic acid. In conditions of stress and with
inflammation, the kynurenine pathway preferentially produces quinolinic acid and the
downstream neurotoxic metabolites (45, 51). As mentioned, peripherally produced
kynurenine contributes significantly to the central kynurenine concentration and production
of metabolites, and thus serves as an excellent and easily measured surrogate marker of
kynurenine pathway activity in the brain (51, 52). However, metabolites of kynurenine, such
as kynurenic acid and quinolinic acid, cannot be easily measured in the periphery, their
central nervous system level measurements are not practical, and they do not readily cross
the blood barrier (42).

We hypothesized that elevations of both plasma kynurenine and kynurenine/tryptophan ratio
would be associated with neurologic injury, and thus fewer days free from acute brain
dysfunction in critically ill patients.

MATERIALS AND METHODS
Our cohort comprised patients from the Maximizing Efficacy of Targeted Sedation and
Reducing Neurologic Dysfunction (MENDS) double-blind, randomized, controlled trial
(53). Briefly, the MENDS trial included 103 adult mechanically ventilated medical and
surgical ICU patients from two tertiary care centers enrolled between August 2004 and April
2006. Exclusion criteria included neurologic disease that would confound the diagnosis of
delirium (e.g., previous large stroke, severe dementia, cerebral palsy), active seizure
disorders, Child-Pugh class B or C cirrhosis, moribund state with planned withdrawal of life
support, family or physician refusal, alcohol abuse, active myocardial ischemia, second-
degree or third-degree heart block, pregnancy or lactation, severe hearing disabilities, and
inability to understand English (53). The Institutional Review Boards at Vanderbilt
University approved the study.

Demographic data and severity of illness, measured with the Acute Physiology and Chronic
Health Evaluation II score (54) and the Sequential Organ Failure Assessment score (55),
were computed from data recorded in the computerized medical record. Mental status was
assessed daily from enrollment until hospital discharge or for up to 12 days using the
Confusion Assessment Method for the ICU (12, 13). The level of sedation was measured
according to the Richmond Agitation-Sedation scale (56, 57). Utilizing these criteria,
delirium and coma were defined as follows: delirium, Richmond Agitation-Sedation scale
score of −3 to + 4 with a positive Confusion Assessment Method ICU score; and coma,
Richmond Agitation-Sedation scale score of −5 or −4 (unresponsive or responsive to
physical stimuli alone, respectively).

As a measure of the burden of acute brain dysfunction, we chose delirium/coma-free days
(DCFDs) instead of duration of delirium or delirium-free days. In this study, DCFDs
represented the number of days out of the 12-day period after enrollment during which
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patients were alive without delirium or coma (53). This event-free outcome takes into
account the contribution of delirium, coma, and death, thus providing an accurate measure
of the duration of normal cognitive status. Alternatively, delirium days do not account for
death, such that a patient who dies early in the course of the assessment period could have
only a few delirium days despite having worse outcomes. Similarly, the delirium-free day
outcome could be erroneously increased because of longer periods of coma, because a
patient who is comatose cannot have delirium diagnosed during their coma, a period which
thus would be considered delirium-free.

Baseline blood samples were collected from patients within 48 hrs of enrollment, and
plasma was separated and stored at −80°C. Plasma tryptophan concentrations were
measured using high-performance liquid chromatography (58), and plasma kynurenine was
measured with high-performance liquid chromatography plus tandem mass spectrometry
using a variation of a previously described method (59). The kynurenine and kynurenine/
tryptophan ratio were both used as indicators of kynurenine pathway activity, because
tryptophan metabolism to kynurenine is the rate-limiting step in the kynurenine pathway
(60). Specifically, the kynurenine/tryptophan ratio reflects tryptophan metabolism to
kynurenine.

Statistical Analysis
Baseline demographic data are presented using medians and interquartile ranges for
continuous variables and proportions for categorical variables. We used linear regression to
study the associations between plasma kynurenine concentrations and kynurenine/
tryptophan ratios (the two primary exposure variables that were assessed in independent
regression models) and DCFDs (the outcome in each model), after adjusting for sedative
group (i.e., dexmedetomidine or lorazepam), age, and severity of illness as indicated by the
acute physiology component of Acute Physiology and Chronic Health Evaluation II. Both
kynurenine concentrations and kynurenine/tryptophan ratios were transformed using a
natural logarithm to improve model fit. Nonlinearity of the associations examined were
evaluated using restricted cubic splines in the regression analyses. All analyses were
performed using R version 2.10 (R Development Core Team 2009, Vienna, Austria; http://
www.R-project.org).

RESULTS
Eighty-four of the 103 MENDS participants had plasma available for analysis. Demographic
data for the cohort are shown in Table 1. After adjusting for age, sedation regimen, and
severity of illness, increasing plasma kynurenine concentrations at baseline were
independently associated with fewer DCFDs, i.e., worse neurologic outcome (Table 2 and
Fig. 2). Other covariates being equal, patients with a kynurenine concentration at the 75th

percentile kynurenine in this population had an average of 1.8 (95% confidence interval,
0.6–3.1; p = .006) fewer days without acute brain dysfunction than did patients with a
kynurenine concentration at the 25th percentile (Table 2 and Fig. 2). Similarly, after
adjusting for confounders, an increased kynurenine/tryptophan ratio was independently
associated with fewer days without acute brain dysfunction (Table 3 and Fig. 3), such that
patients with kynurenine/tryptophan ratios at the 75th percentile had 2.1 fewer DCFDs (95%
CI, 1.0–3.2; p < .001) than did patients with kynurenine/tryptophan ratios at the 25th
percentile. In keeping with results from our previous studies (61, 62), sedation with
dexmedetomidine was associated with a greater number of DCFDs than sedation with
lorazepam in both the kynurenine and the kynurenine/tryptophan ratio models (p = .007 for
both; Tables 2 and 3, respectively).
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DISCUSSION
This is the first published study to quantify and analyze kynurenine pathway activation and
its association with brain dysfunction (delirium and coma) in mechanically ventilated ICU
patients. Increasing baseline plasma kynurenine concentrations and kynurenine/tryptophan
ratios were found to be independently associated with fewer days alive and free from
delirium and coma (DCFDs).

There are biologically plausible mechanisms to explain the association of higher kynurenine
and kynurenine/tryptophan ratios with brain dysfunction during the acute phase of a critical
illness. First, although the kynurenine compound itself is not attributed with neurotoxicity,
there are >20 different metabolites known to have neurotoxic effects (44). Of these,
quinolinic acid is the most notable and has been shown to lead to neurotoxicity via multiple
mechanisms that include direct neuronal excitotoxicity (via its activity as a N-methyl-D-
aspartic acid receptor agonist), induction of lipid peroxidation, production of reactive
oxygen species, and prevention of glutamate uptake by astrocytes (44). Although neurons do
not express enzymes of the kynurenine pathway, they internalize quinolinic acid through a
“scavenging” mechanism when the extracellular concentration of quinolinic acid is high,
ultimately leading to neuronal injury and apoptosis (32). Other important kynurenine
metabolites with known neurotoxic and/or neuroexcitatory properties are shown in Figure 1.
Second, the kynurenine pathway and, therefore, the potential production of neurotoxic
metabolites are upregulated by cytokines and inflammatory/immune signals, including
interferon-γ (48, 49), interleukins 1 and 12 (63, 64), lipopolysaccharide, and tumor necrosis
factor-α (65, 66), which are often increased in patients with critical illness. Finally, a
compelling mechanism explaining the development of delirium and coma may involve an
imbalance between concentrations of kynurenine neuroprotective and neurotoxic
metabolites. Kynurenic acid, produced by astrocytes, has neuroprotective properties because
of its activity as an N-methyl-D-aspartic acid antagonist that leads to decreased glutamate
output (and thus decreased excitotoxicity). Microglia and macrophages, however, may
produce even greater amounts of neurotoxic metabolites such as quinolinic acid (44), which
could counteract the neuroprotective effects of kynurenic acid and therefore could be
responsible for acute brain dysfunction in the form of delirium or coma. Despite these
plausible mechanisms, however, the precise molecular mechanism among critically ill
patients remains unclear without detailed in vivo data.

There are many potential implications of our findings of fewer days without acute brain
dysfunction associated with increased kynurenine concentrations and kynurenine/tryptophan
ratios. Recent data have shown that each additional day of ICU delirium is associated with a
10% increased risk of death at both 6 months and 1 yr after discharge; the cumulative effect
of multiple days spent in delirium on mortality risk, therefore, is multiplicative rather than
additive (9–11). If the results of this report are corroborated, then measurement of
kynurenine pathway activity could allow for early identification of patients at risk for
development of prolonged periods of delirium and/or coma. Additionally, genetic
polymorphisms associated with increased kynurenine pathway activity could be identified
that may provide guidance in identifying ICU patients at risk for worse neurologic
outcomes. For example, a polymorphism of the interferon-γ gene associated with elevated
kynurenine levels has been shown to decrease longevity (30). Although the associations
shown in this study do not prove causation, the known roles of neurotoxic kynurenine
metabolites in the pathogenesis of numerous forms of cognitive dysfunction (24, 26–34)
lend credence to the hypothesis that increased kynurenine pathway activity plays a role in
the pathogenesis of delirium and/or coma during critical illness. Modulation of kynurenine
pathway activity has been proposed as a way of treating a variety of diseases (43, 67), and it
is possible that inhibition of kynurenine pathway activity could be used to prevent the
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development or mitigate the duration of delirium and/or coma. Work using animal models of
cognitive dysfunction is needed to understand better the role of kynurenine pathway activity
in the pathogenesis of delirium before interventional trials can be designed and executed.

Strengths of our study include the prospective collection of baseline data and delirium
outcomes by experienced research personnel using a validated delirium monitoring
instrument and the measurement of kynurenine concentration and kynurenine/tryptophan
ratios using state-of-the-art high-performance liquid chromatography and tandem mass
spectroscopy instrumentation in a laboratory that specializes in kynurenine assays
(Proteomics and Mass Spectrometry Laboratory at Vanderbilt). Limitations included our
inability to measure patients’ dietary tryptophan intake, which may have been helpful
because tryptophan administration is known to increase kynurenine pathway activity (68).
The measurement of tryptophan intake, however, is difficult in a clinical setting because of
variability of dietary need, uncertainty regarding individual absorption of tryptophan, and
release of tryptophan from endogenous stores via protein breakdown and/or decreased
albumin binding. Whereas it is assumed that kynurenine pathway compounds within the
central nervous system are responsible for producing neurobehavioral effects, we were
unable to directly measure central nervous system levels given that lumbar punctures or
other invasive procedures to obtain central nervous system samples are risky in critically ill
patients. Plasma kynurenine levels, however, serve as an excellent surrogate marker until
future methods become available, and direct central nervous system measurements may
prove to be unnecessary (37, 69). In this study, we were only able to measure kynurenine
pathway activity at baseline and, hence, could not study the acute effects of changes in
kynurenine pathway activity over time during critical illness. A study among acute traumatic
brain injury patients, however, noted that the average peak of quinolinic acid in
cerebrospinal fluid after injury was 72–83 hrs, suggesting that elevations in downstream
metabolites and potential neurotoxic effects may also correlate with the timing of activation
and migration of microglia and macrophages in vivo (40). Furthermore, we did not measure
kynurenine activity after hospital discharge, which would have allowed study of the role of
the kynurenine pathway in long-term cognitive impairment. This may be important given
data from traumatic brain injury patients who continue to have elevated kynurenine/
tryptophan ratios many years after the initial injury (70). Finally, we were not able to
separate our analysis by more specific categories of cognition (i.e., disorganized thinking vs.
delirium vs. coma) because of the patient sample size. This would significantly limit the
power of our study after adjusting for covariates in the analysis. In the future, with larger
sample sizes, this would help to determine whether variations of the kynurenine pathway
exist among these groups.

In conclusion, this prospective cohort study of mechanically ventilated ICU patients showed
that increased baseline plasma levels of kynurenine or increased kynurenine pathway
activity were independent predictors of greater duration of acute brain dysfunction. These
findings suggest a role for tryptophan metabolites via the kynurenine pathway in the
pathogenesis of delirium. Future studies are warranted to characterize further the association
between kynurenine pathway activity and neurologic outcomes in critically ill patients.
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Figure 1.
Tryptophan metabolism by the kynurenine pathway. The first and rate-limiting step in the
kynurenine pathway is the formation of kynurenine from tryptophan via indoleamine-2,3-
dioxygenase (IDO), found ubiquitously, or tryptophan-2,3-dioxygenase (TDO). Kynurenine
concentrations within the central nervous system (CNS) are related to peripheral production
(42) and transportation into the brain via the large amino acid transporter in the blood brain
barrier (50), basolateral secretion of kynurenine by blood brain barrier (BBB) cells
(endothelial cells, pericytes) (45), or from local CNS synthesis of kynurenine pathway
metabolites (i.e. astrocytes, microglia, perivascular macrophages) (45, 51). These
mechanisms are upregulated by cytokines and inflammatory/immune signals, including
interferon gamma (INF-γ) (48, 49), interleukins 1 and 12 (IL-1, IL-12) (63, 64),
lipopolysaccharide (LPS), and tumor necrosis factor alpha (TNF-α) (65, 66), which are
often increased in patients with critical illness. Increased central kynurenine concentrations
lead to production of beneficial (kynurenic acid) and neurotoxic kynurenine pathway
metabolites. At times of stress and with inflammation, the pathway preferentially produces
neurotoxic metabolites including quinolinic acid, 3-hydroxy-kynurenine, anthranilic acid,
and picolinic acids (41, 42, 45, 51). An imbalance favoring the production of neurotoxic
metabolites leads to neuronal and glial cell injury, excitotoxicity, and apoptosis (30, 32, 37,
43–47), which may be clinically manifested as delirium or coma.
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Figure 2.
Increasing kynurenine levels (μM, micromolar units) are associated with fewer delirium/
coma-free days. Interpretative example: Other covariates being equal, patients with a
kynurenine concentration at the 75th percentile (kynurenine 21.4 μM in this population) had
an average of 1.8 fewer delirium/coma-free days than patients with kynurenine levels at the
25th percentile (5 μM).
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Figure 3.
Increasing kynurenine/tryptophan ratios are associated with fewer delirium/coma-free days.
Interpretative example: Other covariates being equal, patients with a kynurenine/tryptophan
ratio at the 75th percentile (0.6 in this population) had an average of 2.1 fewer delirium/
coma-free days than patients with a kynurenine/tryptophan ratio at the 25th percentile (0.1).
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Table 1

Demographic and baseline characteristicsa

Variable n = 84

Age, yrs 60 (46–66)

Male, No. (%) 42 (50%)

White, No. (%) 73 (87%)

Sepsis on admission, No. (%) 36 (43%)

Acute Physiology and Chronic Health Evaluation II 28.5 (24–32)

Sequential Organ Failure Assessment Score 9.0 (8–12)

Mental status at enrollment

 Comatose 45 (54%)

 Delirious 26 (31%)

 Normal 13 (15%)

Intensive care unit length of stay (days) 9.3 (5.3–17.4)

Hospital length of stay (days) 16 (8–23)

Delirium at least once 72 (86%)

Delirium, days 3.0 (1.0–6.0)

Coma, days 3.0 (1.0–5.0)

Delirium-free, days 7.3 (4.5–10.0)

Delirium/coma-free, days 4.0 (0.56–8.0)

Died within 28 days of enrollment 23 (27%)

a
Median (interquartile range) unless otherwise noted.
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Table 2

Associations between kynurenine plasma level and delirium/coma-free days

Variable 25th Percentile 75th Percentile

Difference in Mean Delirium/
Coma-Free Day (95% Confidence
Interval) p

Age at enrollment 47.8 66.0 −0.8 (−1.8 to 0.1) .10

Acute Physiology and Chronic Health Evaluation II
acute physiology score component

11.0 20.0 −0.7 (−1.9 to 0.5) .23

Dexmedetomidine vs. lorazepama Lorazepam Dexmedetomidine 2.2 (0.7–3.8) .007

Baseline kynurenine plasma level (μM) 5.0 21.4 − 1.8 (− 3.1 to − 0.6) .006

Linear regression was used to study the role of kynurenine in delirium/coma-free days after adjusting for age, severity of illness, and study drug.

The difference in means represents the difference in delirium/coma-free days between patients at the 75th percentile of kynurenine levels of our

population vs. the 25th percentile. Thus, a patient at the 75th percentile for kynurenine levels had 1.8 fewer days without acute brain dysfunction

than a patient at the 25th percentile. This comparison between percentiles is more clinically relevant than the traditionally used one-unit change.

a
Patients in this cohort received sedation with either dexmedetomidine or lorazepam. Patients using dexmedetomidine (as compared to lorazepam)

had 2.2 more days alive and free from delirium and coma.
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Table 3

Associations between kynurenine-to-tryptophan ratios and delirium-to-coma-free days

Variable 25th Percentile 75th Percentile

Difference in Mean Delirium/Coma-
Free Days (95% Confidence
Interval) p

Age at enrollment 47.8 66.0 −0.6 (−1.6 to 0.3) .19

Acute Physiology and Chronic Health Evaluation II
acute physiology score component

11.0 20.0 −0.4 (−1.6 to 0.8) .48

Dexmedetomidine vs. lorazepama Lorazepam Dexmedetomidine 2.1 (0.6 to 3.6) .007

Baseline kynurenine/tryptophan ratio 0.1 0.6 − 2.1 (− 3.2 to − 1.0) −.001

Linear regression was used to study the role of kynurenine/tryptophan in delirium/coma-free days after adjusting for age, severity of illness, and

study drug. The difference in means represents the difference in delirium/coma-free days between patients at the 75th percentile of kynurenine-to-

tryptophan ratios of our population vs. the 25th percentile. Thus, a patient at the 75th percentile for kynurenine/tryptophan levels had 2.1 fewer

days without acute brain dysfunction than a patient at the 25th percentile. This comparison between percentiles is more clinically relevant than the
traditionally used one-unit change.

a
Patients in this cohort received sedation with either dexmedetomidine or lorazepam. Patients using dexmedetomidine (as compared to lorazepam)

had 2.1 more days alive and free from delirium and coma.
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