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Abstract

This historical vignette revisits the main contributions by Nils Lundberg, a neurosurgeon, that were published in the
late 1950s and early 1960s. The Lundberg studies also definitively established that symptoms of abnormal brainstem
function resulted from abnormal intracranial pressure (ICP), and moreover, even variations in ICP could produce clini-
cal symptoms. The most innovative result of continuous monitoring was the discovery of plateau-shaped waves that
produced paradoxical symptoms previously designated as “decerebrate” and “tonic fits” or “acute coning!
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Intracranial pressure (ICP) can generally only be meas-
ured by means of a parenchymal probe, ventriculostomy,
lumbar puncture, or lumbar drain. Human studies of ICP
and their variations have been best described by Nils
Lundberg from the University of Lund (Sweden), who
monitored cerebrospinal fluid (CSF) pressure with con-
tinuous ventricular pressure in over 400 patients, both
non-traumatic cases and traumatic brain injury. Lund-
berg continuously recorded patients for a week on aver-
age. The new, highly informative data that appeared made
a strong argument for recording over time.

Nils Lundberg, a neurosurgeon, published his major
contributions to the literature in the late 1950s and early
1960s [1, 2]. He established that visual review of the
waves yielded additional value beyond a pressure num-
ber. His studies also definitively established that symp-
toms of abnormal brainstem function resulted from
abnormal ICP, and moreover, even variations in ICP
could produce clinical symptoms.

Early Clinical Observations

A number of experimental studies preceded Lund-
berg’s ventricular catheter studies. Most recognizable
among these were Cushing’s animal studies published in
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several manuscripts [3]. His work led to an easy clinical
acceptance that expanding lesions lead to increased ICP,
hypertension, bradycardia, and respiratory irregularities
including apnea. However, equally important work was
done by Ryder’s group, who looked at the mechanism of
changes in osmotic pressure, changes in CSF pressure
with volume change, and the effect of changes in sys-
temic venous pressure on cerebrovascular pressure. In
their experiments in Rhesus monkeys, they found that
the rate of intracranial blood flow and back pressure from
the great veins controlled ICP [4].

Ryder’s group was among the first to question the Cush-
ing’s claim that significantly elevated ICP could occur
“without the slightest immediate effect on the pulse, res-
piration, or blood pressure or without the subjects’ effect
on any sensation” These experiments also found that
changes in cerebral blood flow caused changes in cerebral
fluid pressure and that changes in cerebral blood flow
and arterial and jugular venous pressure do not correlate
closely [4, 5]. How these experiments could be translated
to a clinical situation was important because not many
clinicians saw these changes in patients with presumed
increased ICP and wondered.

Continuous Ventricular Fluid Pressure (VFP)
Recordings

Lundberg’s technique exposed patients to little risks
(Fig. 1) but provided a treasure trove of observations.
Lundberg described it as follows:


http://crossmark.crossref.org/dialog/?doi=10.1007/s12028-019-00689-5&domain=pdf

547

, I S

Fig. 1 Monitoring of patient with ventriculostomy and use of water level to position the transducer (Lundberg appreciated that a horizontal plane
through the approximate center of the cranial cavity would be more accurate but chose this landmark for convenience), used with permission of
Wiley and Company [1])

The (VFP) tracing may reveal a number of different
spontaneous pressure variations. Among these, one
type is of particular interest, because it is closely
related to acute cerebral symptoms in patients with
intracranial hypertension. This type of pressure vari-
ation is characterized by a sudden rapid rise, con-
tinuation on a high level for some time, and finally
a rapid fall. Because of the typical shape which these
pressure variations give to the VFP curve, I call them
“plateau waves [1]”

Lundberg found the clinical signs during the plateau
waves were largely a combination of “headache, nau-
sea, vomiting, facial flush, air-hunger, forced or irregu-
lar or periodic breathing, changes in pulse frequency,

rise in blood pressure, involuntary micturition, restless-
ness, confusion, motor agitation, changes in the level of
consciousness, and various motor phenomena such as
clonic movements and tonic rigidity of the limbs” [1].
He concluded that transient elevations of the ICP of
the plateau wave type signaled impending deterioration
(Fig. 2).

The most significant result of continuous monitoring
was the discovery of plateau-shaped waves that produced
paradoxical symptoms previously designated as decer-
ebrate and tonic fits or acute coning. In addition, there
were rhythmic oscillations related to Cheyne—Stokes
breathing (1 per minute) or Traube—Hering—Mayer
waves of blood pressure (6 per minute). These ICP waves
were characterized further as follows.
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Case 1. The curve, recorded 24 hrs. after accident, shows the basic level of the ventricular-fluid pressure to
be slightly above normal, a sudden spontaneous rise to a high level (about 90 mm. Hg), and after about 20 min. a
rapid fall in pressure. The rise in pressure was accompanied by tonic extension of the limbs and cardiovascular dis-
turbances; these symptoms disappeared at once when the ventricular-fluid pressure decreased. The horizontal bar
indicates intravenous administration of urea. The small rthythmic oscillations of the pressure curve (1-per-min.
waves) were related to the Cheyne-Stokes breathing of the patient.

Fig. 2 Plateau wave (and rhythmic oscillations), used with permission of the Journal of Neurosurgery [2])




548

“Plateau waves” had the most substantial increase due
to their steep up-slope static increase at 50-110 mm
Hg for at least 5 min; they decreased to nearly normal
levels only to re-appear quickly. Patients had headache
and nausea followed by stupor and tonic posturing in
limbs often with clonic convulsive movements.

A second form of waves was the so-called 1-per-min-
ute wave. These were 50-mm Hg pressure increases
with hyperpnoea and restlessness.

A third ICP-rising wave was the 4-minute wave (called
6-per), which was often seen with markedly increased
ICP and changes in brainstem function.

Clinical Consequences

Recording the ICP waves led Lundberg’s group to the
clinical decision “to induce hypothermia and to post-
pone craniotomy until the intracranial pressures were
under control [1]”” These wave configurations also dem-
onstrated a condition that became known as “decom-
pensated intracranial hypertension” Hypotension would
reduce cerebral blood flow, ischemia, and edema, with
increased ICP becoming fatal. Follow-up studies showed
hyperventilation (change in respiratory minute volume
with decreased PCO,) to cause very rapid changes in ICP
but with an rebound increase after 1 or 2 h. Plateau waves
were not responsive. This relationship between respira-
tion and cerebral blood flow was known [6], but its effect
on ICP was hitherto undemonstrated.

Confirmatory studies on CSF pressure waves came
from several groups, most notably from Institute of Neu-
rological Sciences in Glasgow. The group defined “rela-
tively normal” ICP as<20 mm Hg but also emphasized
cerebral perfusion related to systemic arterial pressure
[7], arguing that perfusion pressure<30 to 40 mm Hg
substantially reduced cerebral blood flow [8, 9].

Acceptance and Criticism

Lundberg’s study of pressures waves did not lead to
increased use of continuous ICP monitoring through
ventriculostomy. Neurosurgeons and intensivists pre-
ferred the seemingly less complicated ICP bolts. Also
contributing to their reluctance to adopt this tech-
nique was the fear of increased infection in the wards
and ICU as well as equipment maintenance costs
[10-12]. Lundberg’s group had a very low infection
rate, but the incidence in the initial trials performed at
other sites varied greatly and fostered continuing con-
cerns (9-27% in Wyler and Kelly, and 5% in Smith [11,
12]), although later studies found the risks to be low
[13]. Lundberg claimed small dural openings to keep
tubing fitting snugly would reduce infection. Smith
additionally suggested antibiotics during tube place-
ment and several days after removal [11]. Gradually,

in the 1970s and 1980s, ventriculostomies monitored
ICP in subarachnoid hemorrhage and traumatic head
injury, but patients with traumatic brain injury were
placed on intraparenchymal monitors. Invasive moni-
toring continues to be the gold standard for diagno-
sis of elevated ICP. Prolonged duration of measured
ICP >20 mmHg has been associated with worse out-
comes [14].

Findings on physical examination that classically cor-
relate with signs of elevated ICP include mydriasis,
motor posturing, and decreased levels of conscious-
ness. Many neurosurgeons advocate for early ICP man-
agement in patients with these symptoms. However,
none of these classically described physical examina-
tion findings are, in themselves, sensitive or specific
enough to predict elevated ICP adequately.

Lundberg (but also others) felt that ICP of 10 mmHg
was normal, slightly elevated if sustained above
15 mmHg, moderately elevated at 25 mmHg, and
severely elevated above 40 mmHg. Moreover, the cutoff
value of increased ICP is not established and may vary
significantly in different patient groups. Most clini-
cal trials have looked at ICP >25 mmHg without much
attention to wave morphology. Lundberg’s plateau
waves are rarely mentioned in clinical trials evaluating
treatment of increased ICP. It remains a bedside clini-
cal observation with the opportunity in some centers to
analyze it further [15]. Recommendations for ICP mon-
itoring are in flux, largely as a result of failure to find
a change in patient outcome after aggressive treatment
with standard medical and surgical measures.
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