
UCLA
UCLA Previously Published Works

Title
Acute glucose and lactate metabolism are associated with cognitive recovery following 
traumatic brain injury

Permalink
https://escholarship.org/uc/item/9f5684gb

Journal
Journal of Neuroscience Research, 96(4)

ISSN
0360-4012

Authors
Mannino, Christina
Glenn, Thomas C
Hovda, David A
et al.

Publication Date
2018-04-01

DOI
10.1002/jnr.24097
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9f5684gb
https://escholarship.org/uc/item/9f5684gb#author
https://escholarship.org
http://www.cdlib.org/


Acute Glucose and Lactate Metabolism are Associated with 
Cognitive Recovery Following Traumatic Brain Injury

Christina Mannino1, Thomas C. Glenn2, David A. Hovda2, Paul M. Vespa2,3, David L. 
McArthur2, John D. Van Horn4, and Matthew J. Wright5,6

1Loma Linda University, Department of Psychology

2University of California, Los Angeles, Department of Neurosurgery

3University of California, Los Angeles, Department of Neurology

4University of Southern California, Laboratory of Neuro Imaging, Institute for Neuroimaging 
Informatics, Department of Neurology

5University of California, Los Angeles, Department of Psychiatry and Biobehavioral Sciences

6Los Angeles Biomedical Research Institute at Harbor-UCLA Medical Center

Abstract

Traumatic brain injury (TBI) is associated with acute cerebral metabolic crisis (ACMC). ACMC-

related atrophy appears to be prominent in frontal and temporal lobes following moderate-to-

severe TBI. This atrophy is correlated with poorer cognitive outcomes in TBI. The current study 

investigated ability of acute glucose and lactate metabolism to predict long-term recovery of 

frontal-temporal cognitive function in participants with moderate-to-severe TBI. Cerebral 

metabolic rate of glucose and lactate were measured by the Kety-Schmidt method on days 0–7 

post-injury. Indices of frontal-temporal cognitive processing were calculated for 6 months post-

injury, 12 months post-injury, and recovery (the difference between the 6 and 12 month scores). 

Glucose and lactate metabolism were included in separate regression models, as they were highly 

intercorrelated. Also, glucose and lactate values were centered and averaged and included in a 

final regression model. Models for the prediction frontal-temporal cognition at 6 and 12 months 

post-injury were not significant. However, average glucose and lactate metabolism predicted 

recovery of frontal-temporal cognition, accounting for 23% and 22% of the variance, respectively. 

Also, maximum glucose metabolism, but not maximum lactate metabolism, was an inverse 

predictor recovery of frontal-temporal cognition, accounting for 23% of the variance. Finally, the 

average of glucose and lactate metabolism predicted frontal-temporal cognitive recovery, 

accounting for 22% of the variance. These data indicate that acute glucose and lactate metabolism 

both support cognitive recovery from TBI. Also, our data suggest that control of endogenous fuels 
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and/or supplementation with exogenous fuels may have therapeutic potential for cognitive 

recovery from TBI.
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INTRODUCTION

Decreases in oxygen metabolism and increases in glucose metabolism, as well as elevated 

lactate levels, commonly occur days after TBI (Glenn et al., 2003; Vespa et al. 2005). This 

abnormal increase in glucose metabolism is followed by a period of metabolic depression. 

Elevated lactate levels, the product of anaerobic glycolysis, occur due a decrease in cerebral 

oxygen (Jalloh et al., 2013). Recent studies demonstrated that when the brain’s glucose 

levels are low, lactate may be utilized as an alternative fuel (Bouzat et al., 2014; Jalloh et al., 

2013).

Research indicates that early metabolic dysfunction due to TBI varies greatly by brain 

region and time since injury (Hattori et al., 2003; Marcoux et al., 2008; Vespa et al., 2004; 

Vespa et al., 2007; Xu et al., 2010). This acute cerebral metabolic crisis (ACMC) is most 

related to chronic atrophy in the frontal and temporal lobes (Xu et al., 2010) and extends 

beyond pericontusional tissue. Also, this atrophy is not due to ischemia and appears distinct 

from diffuse axonal injury (DAI; Hattori et al., 2003; Xu et al., 2010).

Chronic impairments in attention, psychomotor speed, memory, and executive function are 

routinely observed following moderate-to-severe TBI. This cognitive profile has often been 

characterized as ‘frontal’ or ‘frontal-temporal’ (Stuss and Gow, 1992; Lezak et al., 2004; 

Vakil, 2005). Numerous studies have determined that the presence of DAI and focal lesions, 

frequently located in the frontal and temporal lobes, are associated with poorer cognitive 

outcomes following TBI (Auerbach, 1986; Bigler, 2001; Fork et al. 2005; Kraus et al., 2007; 

Lehtonen et al., 2005; Levine et al., 2002; Wallesch et al., 2001; Williamson et al., 1996). 

Interestingly, our group found a relationship between long-term cognitive outcomes and 

frontal and temporal lobe atrophy associated ACMC following TBI (Wright et al., 2013). 

Specifically, ACMC-related brain atrophy correlated with attention, executive function, and 

psychomotor speed at 12 months post-TBI.

In the current study, we assessed neuropsychological function at 6 and 12 months post-

injury in a sample of TBI participants who exhibited non-ischemic ACMC. We investigated 

glucose and lactate metabolism directly via Kety-Schmidt jugular bulb catheterization. 
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Given the frontal-temporal cognitive signature of TBI and the impact of acute metabolic 

crisis on the frontal and temporal lobes, our goal was to determine if early markers of global 

glucose and lactate metabolism predict indices of cognition that require interaction between 

the frontal and temporal lobes.

Based on our previous work, we hypothesized that greater glucose and lactate metabolism 

would be associated with better recovery in frontal-temporal cognitive processing. In 

addition, we hypothesized that greater rates of glucose and lactate metabolism would be 

predictive of improved performance on indices of cognition at 6 months and 12 months post-

injury.

MATERIALS AND METHODS

Participants

The current study was approved by the institutional review board of the University of 

California, Los Angeles and all participants consented directly or by proxy to voluntary 

participation. Eligible participants consisted of patients with moderate to severe head 

injuries who were admitted to UCLA Medical Center within 24 hours of injury between 

09/06/1999 and 03/12/2006. The participant inclusion criteria comprised a Glasgow Coma 

Score (GCS) of 8 or less, or a GCS between 9 and 15 if an initial computerized tomography 

(CT) brain scan showed evidence of intracranial bleeding, brain metabolism assessment via 

the Kety-Schmidt method, and completion of a brief neuropsychological test battery at 

approximately 6 and 12 months post-injury. The current study included 27 participants.

On average, the sample was in their late twenties/early thirties (M =29.08, SD = 11.22; Mdn 
= 27.00, R = 42.00), completed some college (M = 13.39 years of education; SD = 3.07), 

primarily male (81.48%; N = 22) and Caucasian (55.56%). Closed head injures (55.56%) 

were most common and the majority of injuries were due to acceleration-deceleration events 

[40.74% motor vehicle accident (MVA), 22.22% long fall, 14.81% MVA versus pedestrian, 

11.11% bicycle, 7.40% blunt force trauma, and 3.70% gunshot). The average participant ER 

GCS score was 7.87 (SD = 3.28; Mdn = 7.00, R = 11), which generally falls within the 

severe TBI range.

Measures

Neuropsychological instruments—We employed F-A-S (phonemic fluency) from the 

Controlled Oral Word Association Test (F-A-S; Benton, Hemsher, Varney, and Spreen, 

1983), and the 6-trial version of the Buschke Selective Reminding Test (SRT-6; Hannay and 

Levin, 1985).

Phonemic fluency has been associated with frontal and temporal lobe function (Martin, 

Loring, Meador, and Lee, 1990; Meyers and Rohling, 2009), as it assesses rule governed 

generation of words that requires both frontal-executive skills and temporal-language 

abilities. Specifically, this test requires speedy production of words beginning with a specific 

letter, given a set of restrictions (i.e., no proper nouns or repeating words with different 

suffixes).
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The SRT-6 is a test of verbal memory and learning. Unlike other list-learning tasks, on each 

trial after the first, the examinees are only presented with the words that they did not recall 

during previous trials. The SRT-6 long-term storage (LTS) score is the number of words that 

have been recalled on two consecutive trials and thus are assumed to have entered long-term 

storage; the items are thought to have been successfully encoded and stored, engaging both 

the frontal and temporal lobes (Wright et al., 2010). The SRT-6 LTS score was included 

because it is a measure of memory acquisition (encoding and storage). Encoding and storage 

have been shown to involve frontal and temporal lobe structures (Meyers and Rohling, 2009; 

Habib, Nyberg, and Tulving, 2003; Bernard et al., 2001). Additionally, the degree of long-

term memory impairment as measured by the SRT one year after a severe TBI corresponds 

to the overall level of disability in TBI survivors (Levin et al., 1979).

Procedures

Acute care protocol—After initial stabilization, all participants were admitted to a 

neurointensive care unit. Hematomas and intracranial mass lesions were evacuated by 

craniotomy. Intracranial pressure (ICP) was maintained below 20mmHg by means of a 

standardized stepwise treatment protocol that included head of bed elevation to 30 degrees, 

mild hyperventilation (PaCO2 = 30–35mmHg), external ventricular drainage, low doses of 

propofol for moderate sedation, maintenance of normal blood sugar (80 to 120mg/dL), and 

maintenance of mildly elevated sodium level (sodium = 140 to 145 mmol/L). If these 

measures did not control ICP, pentobarbital was used to induce burst suppression coma. 

Cerebral perfusion pressure was maintained above 60mmHg using volume repletion and 

anti-hypertensive medication. Jugular venous oxygen saturation was continually monitored 

and maintained between 60% and 70% by adjusting cerebral perfusion pressure. Continuous 

electroencephalography was used to monitor for possible seizure activity and barbiturate 

effects. Acute rehabilitation was provided to all participants.

Assessment of glucose and lactate cerebral metabolic rates—The Kety-Schmidt 

jugular bulb catheterization method, widely recognized as the most accurate technique for 

the evaluation of global cerebral metabolism (Nybo et al., 2002), was utilized for the current 

study because it provides continuous monitoring of brain metabolism. The catheter is 

inserted into the jugular bulb, which is the preferred location for sampling blood from the 

brain. The jugular bulb is the dilated or enlarged portion of the internal jugular vein that is 

situated just below the base of the skull (Schell and Cole, 2000). The blood in the jugular 

bulb originates from both cerebral hemispheres (approximately 70% ipsilateral and 30% 

contralateral); however, it is commonly accepted that there is a dominant side of venous 

drainage, generally the right, in the majority of participants.

In the current study, all participants underwent intubation and jugular bulb catheterization 

via the Kety-Schmidt method (Glenn et al., 2003) and their cerebral metabolic rates of 

glucose (CMRglc) and lactate (CMRlac) were assessed on days 0–7 post-injury via 

sampling from the radial artery. These samples were taken either in the morning (53% of the 

time; between 09:00 & 11:00: M = 10:35, SD = 0:27) or afternoon (47% of the time; 

between 12:00 & 15:00: M = 14:26, SD = 1:22). Participants had a jugular bulb catheter 

inserted as soon as possible following admission to allow serial measurements of cerebral 
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blood flow (CBF), and the differences in arterial and venous glucose (AVDglc), lactate 

(AVDlac), and O2 concentrations (AVDO2). The catheter was inserted in the dominant 

jugular vein, which was selected based on the CT scan performed when the participant was 

admitted. In accordance with standard techniques, the catheter was inserted in the vein until 

resistance was encountered, approximately 15 cm, and then placement was verified by 

lateral skull x-ray. The catheter was calibrated in vivo and calibration was conducted every 

12 hours. Arterial and venous samples were collected every 12 hours for the first 7 days 

post-injury while the bedside CBF was scheduled every 12 hours for the first 48 hours and 

then daily on days 2–7 post-injury.

CBF was assessed via daily measurements that were performed using the intravenous 133Xe 

clearance technique using a portable apparatus (Cerebrograph Cortexplorer 16a) from 

Ceretronix, Randers, Denmark as previously described (Glenn et al., 2003). ~20 to 30 mCi 

of gaseous 133Xe dissolved in a saline solution was injected intravenously for each study. 

The CBF unit estimates cerebral perfusion by analyzing 133Xe wash-out curves, which were 

measured over 11 minutes from 8 extracranial sodium iodide detectors located over the 

cerebral hemispheres (over the middle cerebral artery territory). Computer software was 

used to calculate via a two-compartment model the clearance decay curve to 15 minutes; this 

has been shown to be very stable in patients with reduced CBF (Obrist and Marion, 1996). 

Clearance curve analysis considers the arterial input function using monitoring of 133Xe in 

the end-tidal expired air. A derived height-over-area equation was used to calculate the 

global CBF15 from the sixteen detectors (Obrist and Wilkinson, 1990). The CBF15 values 

reported are are not corrected for pCO2. Participants underwent serial CBF measurements 

typically starting between 12 and 24 hours after admission and following the established 

Brain Injury Research Center protocol (on post-injury days 0–6, 8, and 10 or as needed 

clinically).

The CMRglc was calculated as the product of CBF15 and the difference in concentration of 

glucose between AVDglc, and the CMRlac was the product of CBF15 and the difference in 

concentration of lactate between AVDlac. CBF15 is a cerebral blood flow parameter that was 

calculated utilizing a two-component mathematical model. CBF15 represents the mean blood 

flow of the fast clearing (gray matter) and slow clearing (white matter) compartments of the 

brain (Obrist et al., 1984). CBF15 was used to calculate CMRglc and CMRlac because it has 

been shown to be very stable in participants with reduced blood flow (Glenn et al., 2003). 

For this study, the CMRglc and CMRlac values were averaged over days 0–7 days post-

injury; for participants where CMRglc and CMRlac were not collected for all of the days, 

their three or more days (over days 0–7) of metabolism assessments were averaged. Overall, 

CMRglc tends to be depressed following TBI and CMRlac is often more positive during the 

first 48 hours in contrast to healthy persons (Glenn et al., 2003). That said, cerebral 

metabolic rate of oxygen appears to be generally depressed during acute recovery (Glenn et 

al., 2003).

Neuropsychological assessment—Neuropsychological testing was conducted by a 

clinical neuropsychologist using a modified version of a test battery designed for TBI 

clinical trials (Clifton et al., 1992). All tests were administered and scored in accordance 

with standard instructions. The assessments were conducted ~ 6 and 12 months post-injury. 
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Test scores were normed by age and education for group comparisons. This was 

accomplished by calculating T-scores (M = 50, SD = 10) using common normative datasets.

The F-A-S score and SRT-6 long-term storage (LTS) score were chosen to represent frontal-

temporal cognitive processing. The F-A-S scores were converted to T-scores via metanorms 

(Mitrushina et al., 2005), and the SRT-6 scores were converted to T-scores via the normative 

dataset provided by Larrabee et al. (2000). After the long-term storage score from the SRT-6 

and the total F-A-S score were converted to T-scores, they were averaged for both the 6 and 

12 month performances to produce indices of frontal-temporal cognitive processing. The 6 

month index score was subtracted from the 12 month index score to provide a recovery 

index of frontal-temporal cognition [((6-months post-injury: F-A-S T-score + LTS T-

score)/2) – ((12 months-post-injury: F-A-S T-score + LTS T-score)/2) = frontal-temporal 

recovery].

Statistical Analysis—All statistical analyses were conducted in Statistical Package for 

Social Sciences (SPSS), version 23. A threshold of p < .05 for statistical significance was set 

for all analyses. Simple linear regressions were utilized to predict cognitive outcomes from 

average and maximum glucose and lactate metabolism at 6 months post-injury, 12 months 

post-injury, and cognitive recovery between 6 and 12 months post-injury. As expected, 

glucose and lactate metabolic rates were highly intercorrelated (r= .93; VIF= 6.97). 

Accordingly, separate regressions were carried out for glucose and lactate metabolism. Also, 

the glucose and lactate values were centered and averaged for a final regression model.

RESULTS

We found higher average CMRglc and maximum CMRglc did not result in significantly 

better frontal-temporal cognitive processing at 6 and 12 months post-injury [b= −.22, t(26)= 

−1.12, p= .27, F(1,26)= 1.25, R2= .05; b= .01, t(26)= .06, p= .96; F(1,26)= 0.00, R2= .00; & 

b= −.22, t(26)= −1.91, p= .07, F(1,26)= 3.65, R2= .11; b= −.4.84, t(26)= −.32, p= .75; 

F(1,26)= 0.10, R2= .00, respectively]. Also, higher average CMRlac and maximum CMRlac 

did not result in significantly better frontal-temporal processing at 6 and 12 months post-

injury [b= −.25, t(26)= −1.30, p= .21, F(1,26)= 1.68, R2= .06; b= −.03, t(26)= .08, p= .88, 

F(1,26)= 0.02, R2= .00; & b= −4.60, t(26)= −.34, p= .73, F(1,26)= 0.12, R2= .00; b= −13.33, 

t(26)= −.95, p= .35, F(1,26)= .91, R2= .03, respectively]. Finally, the average of the centered 

values for CMRglc and CMRlac did not result in significantly better frontal-temporal 

cognition scores at 6 and 12 months post-injury [b= −.239, t(26)= −1.230, p= .23, F(1,26)= 

1.51, R2= .06; b= −.01, t(26)= −.05, p= .96, F(1,26)= 0.00, R2= .00, respectively].

That said, average CMRglc and maximum CMRglc were predictive of participant recovery 

of frontal-temporal cognition [b= .48, t(26)= 2.74, p= .01, F(1,26)= 7.53, R2= .23 & b= .42, 

t(26)= −2.76, p= .01, F(1,26)= 7.62, R2= .23, respectively]. That said, average CMRglc was 

a positive predictor of recovery, while maximum CMRglc was a negative predictor. 

Moreover, most of the maximum CMRglc scores (56%) occurred earlier during acute 

recovery (days 0–3). Average CMRlac was also predictive of participant recovery of frontal-

temporal cognition, but maximum CMRlac was not [b= .468, t(26)= 2.65, p= .01, F(1,26)= 

7.01, R2= .22 & b= 8.98, t(26)= 2.65, p= .13, F(1,26)= 2.46, R2= .09]. Finally, average 
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CMRglc and CMRlac over days 0–7 was predictive of recovery frontal-temporal cognition 

in participants [b= .48, t(26)= 2.76, p= .01, F(1,26)= 7.63, R2= .23] (see Figure 1).

DISCUSSION

While greater acute glucose and lactate metabolism (assessed by the Kety-Schmidt jugular 

bulb catheterization method) did not significantly predict frontal-temporal cognitive 

processing at 6 or 12 months post-TBI, both did predict recovery in frontal-temporal 

processing. More specifically, CMRglc and CMRlac, and the average of centered values for 

CMRglc and CMRlac predicted recovery in between 6 and 12 months-post injury, 

accounting for 22–23% of the variance. Also, maximum CMRglc was found to be a negative 

predictor of recovery in frontal-temporal processing; suggesting that maximum CMRglc, 

which tended to occur earlier in recovery, was related to hyperglycolysis and may be 

indicative of increased injury severity. Overall, our results suggest that sustained, greater 

acute glucose and lactate metabolism benefit cognitive recovery from TBI. While the current 

study was novel in that it investigated the ability of direct measures of acute glucose and 

lactate metabolism to predict recovery of frontal-temporal cognitive processing in TBI 

participants, the results are based on data from a relatively small sample. This reduced our 

ability to examine the full complexity of the relationship between acute brain metabolism 

and cognitive outcomes following TBI (e.g., potential moderators, variations in metabolism 

over time, etc.). Also, as this was a human study of TBI, we utilized a sample of 

convenience. Additionally, our measures of glucose and lactate metabolism were general, 

they were not specific to any given brain region. Nevertheless, our data corroborate our 

previous work with greater spatial resolution (utilizing positron emission tomography and 

magnetic resonance imaging) that suggested that ACMC results in frontal and temporal lobe 

atrophy and poorer cognitive outcomes following TBI (Wright et al., 2013). Moreover, while 

the current study made use of global measures of cerebral metabolism, we also utilized 

neuropsychological measures that are somewhat specific to frontal and temporal lobe 

processing (Martin, Loring, Meador, and Lee, 1990; Bernard et al., 2001; Habib, Nyberg, 

and Tulving, 2003; Meyers and Rohling, 2009).

In conclusion, the present findings further confirm that ACMC is related to cognitive 

outcomes following TBI and suggest that it may play a significant role in the ‘frontal-

temporal’ cognitive profile associated with TBI. Moreover, these data are consistent the 

notion that both glucose and lactate are utilized as fuels sources following TBI (Glenn et al., 

2003; Glenn et al., 2015). In addition, our data, like other studies (e.g., Meng et al., 2009; 

Quintard et al., 2016), suggests that control of endogenous fuels and/or supplementation 

with exogenous fuels (e.g., infusion of lactate) may improve outcomes from TBI.
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SIGNIFICANCE/LAY SUMMARY

Traumatic brain injury (TBI) results in neuropathology via primary and secondary 

mechanisms (Werner and Engelhard, 2007). The current study is concerned with a 

secondary injury mechanism, acute cerebral metabolic crisis (ACMC). ACMC has been 

associated with neuropathology (Xu et al., 2010), cognitive deficits (Wright et al., 2013), 

and functional decline (Glenn et al., 2003) following TBI. We show that both greater 

glucose and lactate metabolism days after injury are related to improved cognitive 

recovery from TBI. These findings support the potential therapeutic benefit of 

interventions focused on controlling and/or supplementing fuel sources during acute 

recovery from TBI.
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Figure 1. 
Scatter plots with regression lines depicting the relationship between acute brain metabolism 

and recovery in frontal-temporal cognitive processing in TBI participants. Linear regression 

revealed that greater acute glucose, lactate, and average glucose and lactate metabolism 

predicted recovery of frontal-temporal cognitive processing (R2s = .22–23). Acute glucose, 

lactate, and average glucose and lactate metabolism values are displayed in average mg/

100g/min. Frontal-temporal processing scores represent the difference between T-scores (M 
=50, SD =10) for neuropsychological performances at 6 months and 12 months post-injury.
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