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Summary

The objective of this study was to confirm the nature of the edema,

cellular or vasogenic, in traumatic brain injury in head-injured

patients using magnetic resonance imaging techniques. Di¤usion-

weighted imaging methods were quantified by calculating the appar-

ent di¤usion coe‰cients (ADC). Brain water and cerebral blood

flow (CBF) were also measured using magnetic resonance and stable

Xenon CT techniques. After obtaining informed consent, 45 severely

injured patients rated 8 or less on Glasgow Coma Scale (32 di¤use

injury, 13 focal injury) and 8 normal volunteers were entered into

the study. We observed that in regions of edema, the ADC was re-

duced, signifying a predominantly cellular edema. The ADC values

in di¤use injured patients without swelling were close to normal and

averaged 0.89G 0.08. This was not surprising, as ICP values for

these patients were low. In contrast, in patients with significant brain

swelling ADC values were reduced and averaged 0.74G 0.05

(p < 0.0001), consistent with a predominantly cellular edema. We

also found that the CBF in these regions was well above ischemic

threshold at time of study. Taking these findings in concert, it is con-

cluded that the predominant form of edema responsible for brain

swelling and raised ICP is cellular in nature.

Keywords: Head injury; traumatic brain edema; cellular edema;

vasogenic edema.

Introduction

It has been determined that the predominant cause

of brain swelling and subsequent rise in intracranial

pressure (ICP) in head-injured patients is brain edema

[8]. However, the type of edema, vasogenic or cellular,

has not been completely resolved and this knowledge is

critical to the development of new methods for treat-

ment of brain swelling. Fortunately, magnetic reso-

nance imaging (MRI) techniques allow us to identify

predominant edema using the apparent di¤usion coef-

ficient (ADC) [6]. Using these methods, experimental

studies have shown that cellular edema plays an im-

portant role in traumatic brain injury [2, 4] and that

secondary insult exacerbates the cellular edema devel-

opment [2]. However, there have been few studies on

human head injury that address this important issue.

The objective of our study was to identify the type of

edema during the acute stage of severe traumatic brain

injury, and also to determine if ischemia played a role

in the type of edema that developed.

Methods

Informed consent from family or caregivers was obtained to allow

the patient to participate in this study. Following stabilization in the

intensive care unit (ICU) and with approval of the attending neuro-

surgeon, severely head-injured patients (Glasgow Coma Scale [GCS]

8 or less) were transported to MRI suites for measurement of brain

tissue water and di¤usion-weighted imaging (DWI). The transport

team consisted of an ICU nurse, respiratory technician, and neuro-

surgical resident. The research team consisted of the investigator,

head-injury fellow, and radiology technician. After stabilization in

the magnet, the head was positioned carefully to insure computed to-

mography (CT) slice compatibility. First, T1- and T2-weighed pulse

sequences were used to produce images in the axial, coronal, and sag-

ittal planes in order to identify the traumatic lesions present.

Measurement of brain water

From these images, an anatomical slice equivalent to that used in

CT/cerebral blood flow (CBF) measurements was selected for quan-

titative brain water measurements. Five inversion recovery scans of

the selected slice were obtained with a repetition time (TR) of 2.5 sec-

onds, echo time of 28 msec and inversion times (TI) of 150, 400, 800,

1300, and 1700 ms, respectively. From these images, brain water

content fw (expressed as a fraction of water per gram of tissue) was

derived as described previously [3]. The selection of an inversion re-

covery pulse sequence as well as particular values of the parameters

for measurement of brain water have been derived after extensive

studies with calibration standards of known relaxation times and in

vivo infusion edema animal models. Most importantly, the tech-

nique has been validated in man. When stated in terms of water con-

tent, the percentage swelling was calculated from the equation

100ðfw � fwnÞ=ð1� fwÞ where fw represents the water content of the



edematous brain and fwn represents the water content of the normal

tissue. Based on these computations, a fractional increase in water of

2% is equivalent to a volume increase of 8.8%, which emphasizes the

importance of edema for the swelling process and subsequent rise in

ICP.

Di¤usion-weighted imaging

DWI was performed on a 1.5 T whole-body clinical imager (Sie-

mens Vision MR system, Siemens Medical Solutions USA, Inc.,

Malvern, PA) equipped with 15 mT/m gradients using spin-echo se-

quences with and without di¤usion sensitizing gradients. These pulse

sequences generated an ADC trace image using a single-shot tech-

nique with 3 b values: 0, 500, and 1000 s/mm2. Typically, 20 slices

were generated with 5 mm slice thickness, 1.5 mm gap, 230 mm field

of view, 96� 128 matrix, and TE 100 ms. The ADC trace was

generated to obviate issues arising from tissue anisotropy and head

orientation. From the ADC maps, regional measurements were

extracted.

Measurement of CBF

After completion of MRI studies, the patient was transported to

the CT suite for measurement of CBF. After a diagnostic CT scan,

a stable xenon-CT CBF study was performed on a Siemens CT/

Plus scanner (Siemens, Erlangen, Germany) equipped with a xenon

gas delivery system and a CBF software analysis package. Scans

were performed at 4 axial planes with a thickness of 10 mm each,

15 mm apart. Two baseline scans were performed at each level fol-

lowed by multiple enhanced scans during inhalation of 30% xenon

and 70% oxygen. From measurements of the CT enhancement and

the end-tidal curve, CBF maps were calculated by means of the

Kety-Schmidt equation using a commercially available package (Di-

versified Diagnostic Products, Inc., Houston, Texas).

Results

Description of study cohort

A total of 45 severely injured patients (GCS < 8)

and 8 normal volunteers were entered into the study,

9 females and 35 males. The mean age was 33 years,

ranging from 16 to 70 years. Of these, 32 were classi-

fied as having di¤use injury and 12 with focal lesions

based on initial scan assessment. In di¤use injury, 20

were classified as CT type II and 12 were type III–IV

according to the Marshall Classification. The 12 pa-

tients with focal lesions were classified as type V–VI.

Patient response to imaging protocols

All patients included in this report were transported

safely from ICU to imaging suite and returned safely

after protocols were completed without adverse event.

Comparison of blood pressures and ICP measured

prior to and after return indicated no major change

throughout the course of study.

Water content, ICP, and CT classification

in di¤use TBI

The normal hemispheric water content assessed by

MRI in volunteers averaged 76.0%G 0.66. The brain

water content of di¤usely injured patients in CT classi-

fication II was close to normal (76.2G 0.76) and

was consistent with the low ICP of this group which

averaged 14.8G 3.31 mmHg. In contrast, the water

content of di¤use injury patients with CT classi-

fication III/IV was elevated and averaged 77.75G
1.15 g H2O/g tissue (p < 0.001). This increase in

edema is equivalent to an 8.16% increase in brain

swelling according to the Elliot Jasper equation. Cor-

respondingly, ICP at time of study for this group

was also elevated and averaged 23.2G 2.48 mmHg

(p < 0.001). Interestingly, the ICP increased to levels

of 20 mmHg or higher as total water increased above

77%water, which is only 1% above normal. In terms of

swelling, the ICP increased when brain swelling

reached values above 4.3% (p < 0.001) (Fig. 1).

ADC in normal and head-injured patients

with di¤use injury

The ADC computed from hemispheric regions of

interest in 8 normal volunteers averaged ð0:82G
0:05Þ � 10�3 mm2/sec. Henceforth, we will drop the

common multiplicative factor 10�3. ADC values in

di¤usely injured patients was close to normal and aver-

aged 0.89G 0.08 in the non-swelling group. This was

Fig. 1. ICP and water content in di¤use TBI. ICP increased to levels

of 20 mmHg or greater above 77% water, which was only 1% above

normal. In terms of swelling, ICP increased when brain swelling ex-

ceeded 4.3% increase in brain volume. (p < 0.001)
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not surprising, as the ICP values of these patients were

low. In contrast, the ADC values were reduced in pa-

tients with significant brain swelling and averaged

0.74G 0.05 (p < 0.0001), consistent with a pre-

dominantly cellular edema. The distribution of ADC

among normal controls, swelling, and non-swelling

patients correlated with CT classification (Fig. 2).

CBF in di¤use injury with reduced ADC

It is possible that the reductions in ADC seen in dif-

fuse injury were caused by frank ischemic damage.

This was the primary motivating factor to measure

CBF at the same time DWI was measured. In patients

with di¤use injury where ADC was significantly re-

duced, the corresponding hemispheric CBF of the

non-swelling group averaged 50.04G 11.30 mL/min/

100 g tissue, and in the patients with swelling averaged

45.33G 7.99. This reduction in CBF seen in patients

with swelling did not reach significance. In absolute

terms, the values of CBF in all patients studied with

reduced ADC were well above ischemic threshold

considered as 18 mL/min/100 g tissue. When CBF

values were corrected and normalized for a PaC02 of

34 mmHg, using 3% change per mmHg PaC02, the

CBF equaled 46.37G 9.63 mL/min/100 g tissue in

the swelling group and 47.74G 11.35 mL/min/100 g

tissue in the non-swelling group. These values were

not statistically significant from the non-normalized

CBF.

Water content, ICP, and CT classification in focal TBI

The methods for analysis in patients with focal

injury were di¤erent than those of di¤use injury. First,

we selected only patients for analysis which had a well-

defined unilateral non-evacuated contusion, which are

considered to be type VI in the Marshall classification.

Second, we evaluated water content, ADC, and CBF

in specific regions of interest, which included: contu-

sion core, perilesional area, a region distant from the

contusion on the ipsilateral side, and finally, a symmet-

rical site contralateral to the lesion. Of the initial

cohort, 20 patients were selected that fit the inclusion

criteria.

The water content of the contused site averaged

81.81%G 2.36, well above the brain water content of

the symmetrical site of the contralateral hemisphere

(75.83G 1.44%) (p < 0.0001). As water content in-

creased, ICP increased in an exponential fashion. Sim-

ilar to di¤use injury, the ICP increase was substantially

above a level of 77.0% water. ICP at this level was

22 mmHg and corresponded to a 4.3% swelling.

ADC in head-injured patients with focal injury

The ADC in the core of the contusion and ring of

hyperdensity surrounding the contusion was high and

averaged 1.25G 0.37. This value is well above normal

and was consistent among all of the contusions studied

indicating a predominantly vasogenic edema. Beyond

the core in the perilesional area, the ADC was below

normal and averaged 0.72G 0.14 SD. The value was

highly significant compared to the contused site and

also to normal brain tissue (p < 0.001), signifying a

predominantly cellular edema. The ADC of the perile-

sional area was also low compared to the symmetrical

site in the contralateral hemisphere (p ¼ 0.01). Distant

from the contusion in the ipsilateral hemisphere,

the ADC was approximately equal to the ADC ob-

served in the non-contused hemisphere and averaged

0.84G 0.08. With the exception of the site of contu-

sion, the ADC of the perilesional brain tissue was re-

duced. The ADC from tissue distant to the lesion and

in the contralateral hemisphere was also reduced or

near normal.

CBF in focal injury

The CBF of the non-injured hemisphere of the focal

injury cohort averaged 45.86G 9.43, which is in the

Fig. 2. Brain edema and ADC after di¤use TBI. In patients with sig-

nificant brain swelling, ADC values were reduced and averaged

0.74G 0.05 (p < 0.0001), consistent with a predominantly cellular

edema. Water in CT type III/IV was markedly elevated compared

to less di¤use injury in CT type II
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normal range for comatose patients. In contrast, the

CBF in the perilesional area was low, averaging

34.01G 8.52. This reduction in CBF adjacent to the le-

sion compared to the non-injured hemisphere was sta-

tistically significant (p < 0.001). A similar reduction

was seen when these CBF values were corrected and

normalized to a PaC02 of 34 mmHg, assuming a simi-

lar 3% change in CBF per mmHg PaC02 as was used

in the di¤use injury group. In both cases, CBF was

above ischemic threshold levels supporting the notion

that the edema distant from the contusion core is cellu-

lar in nature.

Discussion

This report provides supportive evidence that trau-

matic brain edema is predominantly a cellular phe-

nomenon in both focal and di¤use injury. Further, it

indicates that at time of study, when CBF measure-

ments were made in conjunction with MRI studies,

the blood flow was well above ischemic thresholds

thereby obviating an ischemic-induced cellular compo-

nent to the edematous process. The areas of edema

were signified by zones of increased water content,

measured by our MRI technique and, as might be ex-

pected, the highest levels of edema were measured in

those patients with raised ICP. The ICP relationship

to percentage water in patients with focal injury was

exponential, illustrating a significantly reduced level

of reserve in the contused hemisphere. Taken in con-

cert, these results suggest that alternative therapies tar-

geted to reduce the cellular edema component of swell-

ing in both di¤use and focal injury must be considered.

For the past several decades, it has been generally

accepted that the swelling process accompanying trau-

matic brain injury is mainly due to vascular engorge-

ment, and it is the increase in blood volume that is

mainly responsible for increase in brain bulk and sub-

sequent rise in ICP. Edema was thought to play a mi-

nor role, particularly in a contusion where the blood-

brain barrier (BBB) was thought to be transiently com-

promised. This controversy was resolved by studies in

head-injured patients in whom both tissue water and

cerebral blood volume were measured [8]. In both dif-

fuse and focal injury, it was found that edema and not

vascular engorgement was responsible for brain swell-

ing and that blood volume was actually reduced fol-

lowing severe TBI. The problem remained as to what

type of edema was involved.

Experimental studies to characterize the type of

edema in the laboratory have used DWI to identify

the extent of the cellular edema present in an impact

acceleration model of di¤use injury. These studies

showed that the rise in ICP following experimental

TBI and concomitant reduction in ADC following in-

jury was caused by a predominantly cellular edema.

When coupled with a secondary insult, ischemia was

also considered an important factor contributing to

cellular swelling. Similarly, studies of focal injury us-

ing the cortical contusion model coupled with DWI in-

dicated that the type of edema in the injured area, with

or without superimposed hypotension secondary in-

sult, was predominantly cellular [10]. However, it

would seem reasonable that the formation of vaso-

genic and cellular edema would also be time depen-

dent. Barzo et al. [1] studied the type of edema that

forms during both the acute and chronic stage of dif-

fuse impact acceleration injury using DWI and water

content measures. The authors found a significant in-

crease in the ADC during the first 60 minutes post-

injury, which was consistent with development of a

vasogenic edema secondary to BBB compromise. This

transient increase in ADC was followed by a continual

decrease in ADC that began 40 to 60 minutes post-

injury and continued for up to 7 days post-injury. The

study by Barzo et al. [2] illustrated that a vasogenic

component of edema can develop soon after injury,

but as the BBB closes, the cellular edema predomi-

nates. These studies implied an early closure to the

BBB following traumatic brain injury. Changes in bar-

rier opening were measured in a subsequent experi-

mental study by the same group, using MRI monitor-

ing with contrast agent. The authors found that closed

head injury was associated with a rapid and transient

BBB opening that lasted only 30 minutes. Secondary

insult tended to prolong the duration of the barrier

opening. Thus, the increase in barrier permeability in

di¤use injury was short-lived despite the continued de-

velopment of brain swelling, further supporting a pre-

dominantly cellular edema. Taken in concert, the ex-

perimental findings provide compelling evidence that

the BBB opening is brief and the subsequent swelling

of the brain is due to an increase in cellular water.

Human studies of DWI

The information regarding ADC changes in severely

brain-injured patients is scant. Liu studied 9 patients

ranging from 26 to 78 years of age with head trauma

[7]. No data was available about the severity of injury.
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Despite the small number of patients in their study, the

authors found decreased ADC in patients with di¤use

axonal injury in the acute setting. In some cases, the

reduced ADC persisted into the sub-acute period, be-

yond that described for cytotoxic edema. This could

not be confirmed because water measurements were

not made. The ADC values ranged from a low of

0.334 at 9 days post-injury to 0.551. A more extensive

study of DWI in head-injured patients was conducted

by Kawamata et al. [5]. These authors studied 20

patients within 24 to 48 hours post-trauma. They ex-

pressed an ADC ratio of contusion site to normal

brain. Using this ratio, the ADC value increased in

the central area from 1.13G 0.13 and decreased in the

peripheral area to 0.83G 0.81. The authors concluded

that a combination of events facilitates edema accu-

mulation in the tissue and contributes, together with

the cellular edema in the peripheral area, to the mass

e¤ect of contusion edema. Nakahara et al. [9] studied

4 severely brain-injured patients and compared the

ADC values with 4 reference subjects. They found

that ADC values in the more severely injured patients

were lower compared to the remaining patients.

In summary, investigations of severely brain-injured

patients by others are consistent with the findings of

our study, namely that ADC is reduced following se-

vere TBI.

ADC and brain edema

As mentioned earlier, most studies attempt to relate

the increased T2 relaxation to increased edema. In our

study, where water was quantified in absolute terms,

the regions of ADC change from normal values of

0.82G 0.05 correlated with water increase. For exam-

ple, in patients with di¤use injury in the non-swelling

group, the ADC values were close to normal

(0.89G 0.08). However, in patients with significant

brain swelling, ADC values were reduced to

0.74G 0.05, a reduction that was highly significant

(p < 0.0001), and consistent with cellular edema. It

must be emphasized that the measured ADC combines

contributions from both vasogenic and cellular influ-

ences with the di¤usion of water through the tissue.

For example, if the vasogenic and cytotoxic influence

were equal, the ADC would show no change from nor-

mal. That is the reason why we state that cellular

edema is the predominant form of edema that is pres-

ent.

In summary, the ADC, brain water, and CT classifi-

cations were consistent and changed in the expected di-

rection. In CT classification type II where swelling was

minimal, the ADC change was also minimal. How-

ever, in type III and IV with increased swelling and

increased water content, the ADC was markedly

reduced.

Changes in CBF and ADC

As mentioned earlier, CBF was measured at the

same time that DWI was performed. The primary mo-

tivating factor was to eliminate frank ischemic damage

as one possibility a¤ecting the change in ADC. We

found that CBF was reduced in patients with brain

swelling and reduced ADC, but this reduction did not

reach significance. All values were above ischemic

thresholds.

Water content, ICP, and CT classification in focal TBI

The type of edema that surrounds a contusion is of

great interest because it is the expanding lesion that

leads to brain shift, elevated ICP, and eventually ische-

mia. According to the results of our study, we can sub-

divide the contusional area into 3 zones: the lesion

core, the perilesional area, and the surrounding tissue.

Our results show that water and the ADC in the lesion

core were elevated, consistent with a zone of necrotic

tissue coupled with a mixture of blood and water. In-

terestingly, in the perilesional area the ADC was

reduced, as well as the ADC in tissue distant from the

lesion. As water content increased in the contused

hemisphere, ICP increased exponentially, similar to

the shape of an ICP/volume curve. This suggests that

small increases in water content, when reserve is ex-

hausted, will result in dramatic increases in ICP.

The CBF changes followed a distinct pattern. In the

center of the lesion, CBF was reduced below ischemic

levels. In the perilesional area, CBF was higher in the

vicinity of 35 mL/min/100 g tissue. The CBF in the

perilesional area, although above ischemic threshold,

was associated with reduced ADC indicating that the

edema that formed around the contusion was predom-

inantly cellular. The highest CBF was found, as ex-

pected, in the contralateral hemisphere and was near

expected levels for the head-injured patient.

It has always been thought that changes in CT den-

sity surrounding a contusion were representative of a

vasogenic edema exuding from the lesion site and mi-

grating through the tissue. Although a vasogenic com-
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ponent cannot be excluded, our results provide com-

pelling evidence that cellular edema predominates in

both di¤use and focal injury.

Conclusion

The brain swelling seen in severely brain-injured pa-

tients is predominantly cellular as signaled by a reduc-

tion in ADC in regions of high tissue water. The cellu-

lar form of edema dominates in both focal and di¤use

injury. The CBF seen in these regions is above ische-

mic levels, indicating that other mechanisms resulting

in a tissue energy crisis must be involved.
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