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Abstract: Traumatic brain injury (TBI) is a significant cause of morbidity and mortality in
many age groups. Neuroendocrine dysfunction has been recognized as a consequence of
TBI and consists of both anterior and posterior pituitary insufficiency, water and
electrolyte abnormalities (diabetes insipidus (DI) and the syndrome of inappropriate
antidiuretic hormone secretion (SIADH)) are amongst the most challenging sequelae. The
acute head trauma can lead (directly or indirectly) to dysfunction of the hypothalamic
neurons secreting antidiuretic hormone (ADH) or of the posterior pituitary gland causing
post-traumatic DI (PTDI). PTDI is usually diagnosed in the first days after the trauma
presenting with hypotonic polyuria. Frequently, the poor general status of most patients
prevents adequate fluid intake to compensate the losses and severe dehydration and
hypernatremia occur. Management consists of careful monitoring of fluid balance and
hormonal replacement. PTDI is associated with high mortality, particularly when
presenting very early following the injury. In many surviving patients, the PTDI is
transient, lasting a few days to a few weeks and in a minority of cases, it is permanent
requiring management similar to that offered to patients with non-traumatic central DI.
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1. Introduction

Diabetes insipidus (DI) is caused by decreased secretion (central/neurogenic DI) or action
(nephrogenic DI) of antidiuretic hormone (ADH, vasopressin). ADH is produced by the hypothalamic
neurons in the supraoptic and paraventricular nuclei, migrates along their axons to the posterior
pituitary gland where it is stored in secretory granules and is secreted in the circulation when
stimulated (by increased plasma osmolality—osmoregulation or by decreased arterial blood pressure—
baroregulation). ADH acts on specific receptors (vasopressin receptors; three subtypes Vla, V1b and
V2 have been identified). Its main physiological effect (increase of water absorption in the distal
nephron) requires the stimulation of local V2 receptors promoting the expression of specific water
channel proteins (aquaporins) on the luminal surface of the collecting duct [1].

DI manifests with loss of large volumes of dilute urine in the presence of normal or (usually) high
plasma osmolality. Central DI is the result of a number of conditions affecting the hypothalamic-
posterior pituitary unit—see box nr. 1.

0 Neurosurgical interventions
0 Traumatic brain injury (TBI)

o

(Para)sellar tumors (e.g., craniopharyngioma, germinoma, meningioma, germ
cell tumor)

Metastases to pituitary gland (especially from breast/lung malignancies)
Infections (e.g., meningitis, abscess, encephalitis)

Infiltrative diseases (e.g., sarcoidosis, histiocytosis, lymphocytic hypophysitis)
Vascular abnormalities (aneurysm)

Autoimmune

Genetic (AD, AR, X-linked recessive, DIDMOAD)

o Congenital (e.g., septo-optic dysplasia, holoprosencephaly, midline defects)
Box nr 1. Causes of central diabetes insipidus—data from [2,3]; AD-autosomal dominant; AR-autosomal
recessive; DIDMOAD (Diabetes Insipidus, Diabetes Mellitus, Optic Atrophy, and Deafness) (AR transmission).

O O 0O 0O o o

2. Pathophysiology of Posttraumatic DI (PTDI)

Traumatic brain injury (TBI) is a significant public health problem. It is associated with high
mortality, as well as acute and chronic morbidity with many survivors being severely disabled
physically and psychologically [4-6]. It is more frequent in children, young adults and the elderly [5]
and it is the leading cause of death in young individuals [7].

TBI is mainly the result of road traffic accidents, assaults, falls and domestic abuse [8].
The pathogenic event leading to dysfunction of the hypothalamic-pituitary axis is attributed to the
direct mechanical impact, to the acceleration-deceleration effect in motor vehicle accidents or to the
cerebral consequences of trauma (ischemia, hypoxia, alterations of cerebral vascularization or
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metabolism, increased intracranial pressure). Pituitary damage secondary to TBI was reported as early
as 1918 by Cyran. [9] Later studies by Holborn [10] suggested that changes in the rotational velocity
of the head (with subsequent stretching or tearing of small vessels or neuronal structures) are the main
mechanisms of the posttraumatic damage of the hypothalamo-pituitary unit. These mechanisms have
been also proposed by Porter et al., in 1948 [11].

The damage of the hypothalamic ADH-producing neurons, their axons or the posterior pituitary
leads to post-traumatic central DI [12].

PTDI is usually diagnosed after a latent interval and is frequently transient (see natural history
below); in cases of transient DI, an indirect pathogenic mechanism (small vessels damage,
inflammatory edema) appears more likely than direct neuronal damage [13].

Furthermore, the concomitant damage of the thirst osmoreceptors in the hypothalamus may result in
abnormalities in the thirst regulation manifested as either adipsic PTDI (characterized by failure of
high plasma osmolality to stimulate ADH secretion and thirst and associated with severe hypernatremia
and increased mortality [14]) or, rarely, as PTDI associated with primary polydipsia [15]. It should be
noted however, that concomitant injury of the thirst center is very rare in this setting, as opposed to
other pathologies where adipsic DI is more extensively reported (e.g., after craniopharyngioma
surgery [16]).

In autopsy studies of patients not surviving severe head trauma [17], stalk hemorrhage or infarction,
hemorrhages in the hypothalamic nuclei or the infundibular region have been described [18].

The pattern of the endocrine abnormalities following brain trauma vary depending on the site of the
injury. Injury predominantly to the hypothalamus can cause anterior hypopituitarism, PTDI or
inappropriate secretion of antidiuretic hormone (SIADH) [13]. Damage to the posterior pituitary only
does not usually lead to permanent DI as ADH produced in the hypothalamic nuclei can still be found
in the peripheral circulation via the capillaries of the median eminence [18]. After pituitary stalk
transection, a triphasic response has been described (initially DI, followed a few days later by transient
SIADH and later recurrence of DI, either transient or permanent). This is attributed to the shock of the
initial injury, followed by the release of pre-synthesized ADH and then a recurrence of ADH
deficiency due to impaired synthesis of the hormone by the damaged neuronal structures. This classical
presentation is rarely seen in the clinical practice [19].

3. Epidemiology of PTDI

The pituitary gland, its vascular supply and the stalk are highly susceptible to trauma [17] and TBI
has been frequently associated with anterior and/or posterior pituitary dysfunction [20,21].

TBI is commonly associated with abnormalities of the water and sodium balance (SIADH and
DI) [22]. Their timely diagnosis is of major importance as, if unrecognized, they can lead to severe
electrolyte disturbances [23].

The epidemiological data on PTDI are affected by a number of inconsistencies amongst the
published studies: heterogeneity of the diagnostic criteria used, of the characteristics of the studied
population (different degrees of TBI severity) and of the timing of evaluation. As a consequence, the
true prevalence of PTDI is difficult to be estimated, ranging between 2.9%—-51% [8,24]. In two series
by Agha et al., 21.6%-26% of the patients developed PTDI in the acute setting [25]. Hadjizacharia et



J. Clin. Med. 2015, 4 1451

al., reported that 15% of the TBI cases were diagnosed with PTDI, mostly in the first few days after
the injury (mean 1.2 days) [26]. In a prospective study of severe TBI patients, 28% developed DI [27].
Furthermore, in a series by Benvenga et al., 20% of the post-TBI hypopituitary patients also developed
transient DI [28]. The same group reviewed the literature and reported that 30.6% of the cases with
post-traumatic hypopituitarism also had PTDI [28]. On the other hand, Boughey et al., found
prevalence of 2.9% but in their series only severe cases were included (with mean plasma sodium
concentration 161 mEq/L) [8]. Finally, in other studies the prevalence of acute PTDI is notably higher
(50%—-51%) [24,29].

Risk factors for PTDI include low Glasgow coma scale (GCS) score, cerebral edema and severe
injury [25,29]. Although acute DI is generally associated with more severe TBI [30], it can also occur
in cases of mild head injury [31].

4. Natural History

Studies looking at the natural history of PTDI are scarce with methodological limitations related to
the testing protocols and the diagnostic criteria used. In many reports the criteria proposed by Seckl and
Dunger are followed (polyuria >31, urine osmolality below 300 mosm/kg, hypernatremia >145
mmol/L) [32].

PTDI is frequently a transient condition. Agha et al., reported an overall prevalence of persistent DI
of 6.9% at 6-36 months after the injury (the patients were assessed using the standard water
deprivation test (WDT)) [25]. In another prospective study from the same group involving 50
consecutive TBI patients evaluated by a WDT at 6 and 12 months after the trauma, the results were
very similar: out of the 13 cases (26%) initially diagnosed with PTDI, 9 recovered in the first 6 months
and 10 in the first year, whereas persistent PTDI was found in only 6% of all TBI cases [30]. The
recovery is possibly attributed to the slow involution of the edema and the vessel regeneration in the
affected areas. This may explain the higher percentage of persistent DI in studies assessing the patients
soon after the traumatic event. Thus, in one study evaluating subjects with mild traumatic injury five
weeks after the event, 21% were diagnosed with persistent DI [33]. Apart from the short time interval,
this figure was probably an overestimate also due to the non-strict diagnostic criteria used (hypotonic
urine defined as having an osmolality <1000 mosm/kg) [33]. In another series, at three months after
the injury, 4.2% of the cases had persistent PTDI, whereas at 1 year, the percentage decreased to
2.8% [34]. The corresponding figures in an adolescent population investigated by the same group at
the same time intervals were 8.6% and 4.3%, respectively [35]. Notably, in many cases, full recovery
of transient DI occurs during the initial admission: 40 out of 51 acute PTDI cases recovered during the
hospital stay in a large study of moderate-to severe TBI cases [24].

The diagnostic methods used have a significant impact on the reported rates of persistent DI. In a
mixed series of previously brain-injured cases (mostly traumatic, 80%), none of the 70 patients
assessed at a median time interval of 13 months after the episode had persistent DI. Since these were
mostly severely injured cases, there is no obvious explanation for these findings. It is, however, of note
that no details were provided on the diagnostic tests and criteria used or on the prevalence of PTDI in
the acute phase [36]. The WDT is likely to diagnose mild, partial DI cases leading to more accurate
prevalence rates of chronic PTDI (between 2% [37] and 7% [25]).
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5. Clinical Manifestations

Patients with DI lose their ability to concentrate urine and pass large volumes of dilute urine
(polyuria) consequently experiencing polydipsia. In mild PTDI cases with preserved consciousness
and thirst sensation, these will prompt thorough investigation. However, most of the PTDI patients are
in a poor status during admission in the intensive care unit and their ability to express the feeling of
thirst or to drink is impaired. In these cases, high volume inappropriate dilute urine and hypernatremia
are key points for the diagnosis. The initial assessment of TBI patients is based on the Glasgow Coma
scale (GCS) score [38] and severe injury (defined by a score <8 [39]) is commonly found (in one
series, 88% of the patients had GCS score <6) [8]. In such severely affected subjects, impaired
consciousness (due to the direct traumatic effect, cerebral edema, intracranial hemorrhage or the
sedative medications used in the intensive care unit [40]), impaired thirst sensation, inability to
consume fluids (e.g., due to associated lesions in the oropharyngeal area) frequently occur. The
inability to consume fluids and compensate the renal water losses rapidly results in severe dehydration
and hypovolemic hypernatremia (with hypotension and low cerebral perfusion pressure). The signs of
dehydration (decreased skin turgor, dry mucous membranes, hypotension, tachypnea, tachycardia,
confusion, hypovolemic shock, renal failure) need to be constantly monitored and interpreted in
relation with the adequacy of fluid replacement. Furthermore, given that the neurological signs of
hypernatremia (confusion, disorientation, hyperreflexia, seizures, lethargy, coma) [41-43] are difficult
to be differentiated from other causes of altered neurological status, the monitoring should always be
supported by regular assessment of fluid input and output and of plasma electrolytes concentration
(especially sodium).

The presentation of PTDI occurs most frequently in the first few days following the trauma:
2-3 [30] to 4-10 [24,26]. Generally, no new cases of DI are diagnosed after the acute phase [25],
although exceptions have been described [44,45]. Extremely rapid onset of DI symptoms (first hour
after the injury) has also been reported [46]. Development of DI in the first day after injury has been
associated with very high mortality [8] but very early onset of DI followed by complete remission has
also been exceptionally described [46]. Overall, PTDI is diagnosed significantly earlier in patients who
do not survive following the TBI [8].

6. Diagnosis

The diagnosis of PTDI is not always straightforward, particularly in the intensive care setting where
patents may require treatment with hyperosmolar substances or use of barbiturates (which are
delivered with sodium) and careful volume regulation aiming to prevent further increase in brain
edema. Moreover, polytraumatized patients often have high blood loss and need volume replacement
which may interfere with the diagnosis of DI.

As soon as polyuria is detected, exclusion of other causes of increased urinary fluid losses is
required. This includes hyperglycemia (frequent in trauma patients as a result of the hypercatabolic
state and medications), administration of hyperosmolar fluids (e.g., mannitol or hypertonic saline),
diuretics, excessive fluid replacement, urea diuresis (excess of urea from tissue hypercatabolism) [41].
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In these cases, the solute diuresis results in increased urine osmolality, as opposed to the dilute urine
found in the water diuresis of DI.

In all TBI patients passing increased volumes of hypotonic urine, PTDI should be considered and
the blood levels of electrolytes (especially sodium, but also potassium and calcium, as hypokalemia
and hypercalcemia are also associated with polyuria) with simultaneous plasma and urine osmolalities
need to be checked. In patients without cognitive impairment and preserved ability to drink, the
sodium concentration may remain normal as the increased oral fluid intake can match the high urine
output [47]. In these cases, the diagnosis should be confirmed in the post-acute phase by the standard
WDT [30]. The confirmation of DI in hypernatremic cases relies on the demonstration of low urine
osmolality in the presence of plasma hyperosmolality. It should be noted however, that the diagnostic
criteria for PTDI are not clearly established. Thus, polyuria has been defined as urine output >30
mL/kg body weight or >200 mL/h for 2 h consecutively [8,27] or >5 mL/kg/h [48]. In other
series [24,27,49], the criteria proposed by Seckl and Dunger are applied; polyuria (>3 L/24 h) with
hypotonic urine (urine osmolality <300 mosm/kg) and plasma sodium concentration >145 mmol/L
reliably diagnose acute DI [32]. Notably, Agha et al., diagnosed PTDI based on the combination of
polyuria (>3.5 /24 h) with dilute urine (urine/plasma osmolality <2), hypernatremia (>145 mmol/L)
and increased plasma osmolality (>300 mosm/kg) [30].

ADH measurements do not seem to provide significant benefit as overlap occurs between various
diagnoses [50] and the post-traumatic state is an additional source of potential confounding factors
(e.g., hypotension, emesis, concurrent adrenal insufficiency). Additionally, in patients in the intensive
care, the ADH secretion is stimulated resulting in higher serum ADH concentrations compared to
controls [51].

The concentration of copeptin, the C-terminal glycopeptide of the ADH prohormone (found to be
significantly lower in central DI cases compared to normal subjects) [52] has not been evaluated in
post-traumatic DI cases. Notably, in the critically ill patients, serum copeptin concentrations are
high [51] and significantly correlated with the severity of the injury [53].

Interestingly, DI and cerebral salt wasting syndrome (CSW) can occur sequentially in the same
individual [54], most frequently in CNS infections but also after head trauma [48].

Patients diagnosed with PTDI should be also checked for anterior pituitary dysfunction both in the
acute phase and during follow-up.

7. Imaging

Brain imaging (CT or MRI) is routinely performed in TBI patients. Intracranial hemorrhage
(intracerebral, subarachnoid, subdural) and cerebral edema are very frequently demonstrated [8].
Skull fractures, cerebral contusions, subdural or epidural hematoma can also be found [55]. CT is as
useful as MRI in detecting intracranial hemorrhage, subarachnoid hemorrhage (SAH), hematomas, and
cerebral contusions and more sensitive in revealing skull fractures [56].

Overall, the imaging findings can be classified as showing focal brain injury or diffuse injury. Focal
injury of the hypothalamic-pituitary region can be demonstrated on cerebral MRI images in 30% of all
TBI cases: focal pituitary changes (hemorrhage or infarction), increased gland volume and stalk
transection [57]. Pituitary stalk hematoma [58] or loss of the bright signal intensity of the pituitary
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posterior lobe on T1-weighted scans [29] are occasionally seen. An ectopic bright spot in cases with
stalk transection has been rarely described [59].

Occasionally (around 6% of cases), cerebral CT/MRI fail to demonstrate any abnormal finding.
In these cases, either hypoxic damage or diffuse axonal injury are presumably responsible [28].

8. Management

The initial intensive care management of TBI cases follows established protocols with close
monitoring of parameters including cerebral perfusion pressure (CPP), intracranial pressure (ICP) and
the oxygenation status [40]. Sedatives are routinely administered [40]. Furthermore, clinical and
standard laboratory assessments remain essential. Skin turgor, mucous membranes hydration status,
heart rate, blood pressure, GCS score should be constantly monitored. An indwelling urinary catheter
to evaluate reliably the urine output is mandatory. Fluid intake, urine specific gravity (SG), plasma and
urine osmolalities, plasma sodium should be checked frequently [60].

After the diagnosis of DI, the initial approach aims to replace fluids in order to avoid dehydration
(which is associated with an adverse outcome in acute head-injured patients) [61]. If the patient is
conscious, has normal thirst sensation and the general physical status allows it, the oral fluid intake
usually compensates the renal water loss and the fluid balance is preserved with no dehydration or
hypernatremia. In these patients, conservative management and frequent monitoring of fluid and
electrolyte balance, as well as of plasma/urine osmolalities is offered [62], with hormone replacement
treatment reserved for those with urine output >250 mL/h [63]—see Figure 1.

In cases with altered consciousness, associated neurological deficits or dysphagia and possible
alterations of the thirst mechanism, hypotonic polyuria can rapidly lead to hypovolemia and
hypernatremia. Hypovolemia should be initially corrected by intravenous administration of fluids and
accurate assessment of the volume status is mandatory [23]. 5% dextrose solution is preffered for fluid
replacement with isotonic saline reserved exclusively for the hemodynamically compromised
cases [41,64].

Fluid replacement should be guided by constant clinical monitoring and CVP measurements
to avoid both under-replacement (associated with hypovolemia and decreased CPP) and
over-replacement (which aggravates cerebral edema, increases the ICP and can precipitate pulmonary
edema). Fluid replacement measures will also decrease plasma sodium and may be adequate to correct
mild hypernatremia (<150 mmol/L). However, in severe cases, the plasma sodium can be high [48]
and this strongly relates to increased mortality [65,66]; hypernatremia should be slowly corrected as
the cerebral tissue is hypersensitive to quick osmotic changes leading to worsening of the cerebral
edema. A correction rate of no more than 0.5 mmol/h [67] or 10—-12 mmol/L/24 h [42—44] is
recommended. A suggested practical approach is to decrease plasma sodium levels by 1 mmol/L/h in
the first hours and then decrease the rate aiming to a reduction of no more than 12 mmol/L per
24 h [44]. Furthermore, hormonal replacement with desmopressin is also needed.
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| Polyuria (>3124h) |

|

l Check urine SG and osmolality, plasma osmolality, serum Na

lHyperton.ic urine ‘

l Hypotonic urine (SG<1005; osmolality < 300 mosm/kg)
. * Check serum Ca and K levels; correct if abnormal
Osmotic diuresis
Check for specific cause l
J Diabetes insipidus ‘
—
‘ Hemodynamically stable ‘ ,‘ Hemodynamically unstable

d AN

conscious with intact [ conscious but not thirsty ‘ unconscions I = fluid replacement
sense of thirst (normal saline first, then 5%

l . dextrose)
= administer DDAVP

— suspect adipsic
« encourage drinking DI

to thirst
« if urine output

~250 mlh » parenteral fluids (5% dextrose solution initially)
administer DD AVP?  fluids on a sliding scale if adipsic DI is suspected
* administer DDAVP

J r v

E DDAVP: initial dose of 0.4-1 meg iv/sc; subsequent dosing guided by the monitoring of the fluid and sodium balance.
i In all cases, check regularly the urine output, SG, plasma and urine osmolality, fluid balance and plasma Na !

E Target:

i » neutral fluid balance with normal urine output

+ slowly correct hypernatrerma (<10 mmol/l/24h) until normal plasma Na or mild hypernatremia (Na <150 mmol/T)

If negative fluid balance/ high urine output/urine SG < 1005—> further doses of DDAVP

¥

‘ On discharge trial off DDAVP, check for persistent polyuria, hypotonic urine

T

| If abnormalities resolved, stop DDAVP ‘ If abnormalities persist, recommend oral/intranasal DDAVP
Recheck presence of DI in the post-acute phase

Figure 1. Proposed algorithm for the diagnosis and management of PTDI iv-ntravenous;
SsC-subcutaneous.

Native vasopressin injections have a less favorable side-effect profile due to concomitant
stimulation of V1 receptors, as well as to the possible development of anti-vasopressin antibodies
(associated with a subsequent lack of response to treatment) [66]. Although vasopressin could have an
advantage in the acute setting due to the lower duration of action and option of more frequent dose
adjustment, the above considerations and the low availability worldwide have limited its use. DDAVP
(deamino-arginine-vasopressin, desmopressin)—a synthetic analog of vasopressin with minimal
pressor effects is currently the drug of choice for the management of central DI [68]. Desmopressin
can be administered orally, intranasally, sublingually or parenterally. Parenteral desmopressin
formulations are preferred in the acute intensive care setting where fluid intake is determined by
factors other than thirst but there are no guidelines on the optimal protocol. Initially, a single dose is
administered [24] (0.4—1 micrograms intravenously or subcutaneously [69,70]).With parenteral
administration of desmopressin, the usual duration of action is 12 h [71]; however, significant
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inter-individual variability occurs in the duration and the amplitude of the effect [72] and treatment
with additional doses should be dictated by careful assessment of the fluid and electrolyte balance. In
order to avoid the risks of over-treatment, the minimum dose of desmopressin required to normalize
urine output and provide the required rate of plasma sodium reduction is recommended. Each extra
dose of desmopressin should be offered only if there is evidence of persisting abnormalities in the fluid
balance, SG and plasma sodium.

Caution is also required for the later development of traumatic cerebral salt wasting syndrome
(CSW) which predisposes to rapid hyponatremia [48,54]. However, this has been very rarely reported.
Furthermore, careful monitoring of the fluid and sodium balance is mandatory for the recognition of
the occasional triphasic response.

Concomitant ACTH deficiency should always be considered and checked for; in such a case, the DI
appears milder or improving due to the decreased renal ability to dilute the urine [73].

In adipsic PTDI, fixed desmopressin doses are recommended together with fluid replacement in a
rate dictated by the plasma sodium concentration and osmolalities [49,74]. In these patients,
prophylaxis against thromboembolism is also indicated [49] as thromboembolic complications may
develop due to severe dehydration [15].

On discharge, treatment withdrawal should be attempted to confirm persistence of the DI; in this is
the case, oral or intranasal desmopressin formulations are recommended. The oral desmopressin has
low bioavailability but good antidiuretic effect [3] and the ease of administration makes it a preferred
option for chronic treatment. A usual maintenance dose is about 100 to 200 micrograms three times
daily but requirements vary; therefore, lower doses are advised initially and further increase is
individualized aiming to maintain normal urine output and plasma sodium. A sublingual lyophilisate
(melt) formulation of desmopressin with better bioavailability [75] is also available (in 60, 120, and
240 micrograms form). Long-term dosage should follow the same protocol as in the oral preparations.
Intranasal formulations are offered usually in doses of 10—40 micrograms daily (divided once or twice
daily) (significantly lower than the oral ones because of improved bioavailability associated with the
lack of action of gastrointestinal peptidases). In clinical studies, intranasal and oral administration have
similar efficacy [76].

The goal of chronic treatment is to control the polyuria and the electrolyte disturbances without
inducing hyponatremia (or water intoxication); this may require adjustment of the dose of
desmopressin and the patient should be clearly instructed to adjust the fluid intake to the thirst
sensation. It is often useful to allow intermittent polyuric episodes every one to two weeks by delaying
a dose of desmopressin; this will verify the continued presence of diabetes insipidus and allow excretion
of any retained excess water [3].

Re-evaluation of PTDI cases after the acute phase includes assessment of polyuria, polydipsia and
formal WDT (after omitting desmopressin) [30]. If persistent DI is diagnosed, treatment should be
continued with formal assessment repeated one year later as a minority of cases may recover even after
a long interval from the trauma [30].

Long-term follow up of the anterior pituitary function is also needed as late evidence of traumatic
hypopituitarism has been reported [34] and is often underdiagnosed in milder cases [77].
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9. Prognosis

PTDI has been consistently linked to more severe trauma, cerebral edema, lower GCS scores and a
higher mortality rate [26,30]. The occurrence of DI has been associated with brain death as it is present
in 80% of the brain-dead patients [78].

The overall mortality of TBI patients with PTDI ranges between 57%—69% and increases to
86%—-90% in those with early-onset of DI, in the first three days from injury [8,27].

Peak plasma sodium concentration is also of prognostic value [47] with significantly higher values
in non-survivors [8,27]. Notably, in one series all cases with a maximum recorded plasma sodium
>160 did not survive [48].

The correlation between the severity of trauma and that of chronic persistent endocrine dysfunction
is less clear [34]. In contrast to post-surgical cases in which an elevated plasma sodium level in the
first five post-operative days can predict an increased risk of developing permanent DI [79], no
predictors of long-term persistent PTDI have been identified.

10. Conclusions

PTDI occurs mainly after severe head trauma and predisposes to hypovolemia and hypernatremia
with significant deleterious consequences for the already severe state of most TBI patients.
Careful continuous monitoring in the acute intensive care setting is essential for the prompt diagnosis
and optimal management of PTDI aiming at maintaining the fluid and electrolyte balance and
decreasing the associated morbidity and mortality.

Author Contributions

Cristina Capatina and Niki Karavitaki—substantial contributions to the conception, design and
writing of the paper. Alessandro Paluzzi and Rosalid Mitchell—critical revision for scientific content,
preparation of the manuscript. All authors gave their final approval to the final version.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Treschan, T.A.; Peters, J. The vasopressin system: physiology and clinical strategies.
Anesthesiology 2006, 105, 599-612.

2. Saifan, C.; Nasr, R.; Mehta, S.; Sharma, A.P.; Perrera, I1.; Faddoul, G.; Nalluri, N.; Kesavan, M.;
Azzi, Y.; El-Sayegh, S. Diabetes insipidus: A challenging diagnosis with new drug therapies.
ISRN. Nephrol. 2013, 2013, 1-7.

3. Oiso, Y.; Robertson, G.L.; Norgaard, J.P.; Juul, K.V. Clinical review: Treatment of
neurohypophyseal diabetes insipidus. J. Clin. Endocrinol. Metab. 2013, 98, 3958-3967.

4. Rutland-Brown, W.; Langlois, J.A.; Thomas, K.E.; Xi, Y.L. Incidence of traumatic brain injury in
the United States, 2003. J. Head Trauma Rehabil. 2006, 21, 544-548.



J. Clin. Med. 2015, 4 1458

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Zaloshnja, E.; Miller, T.; Langlois, J.A.; Selassie, A.W. Prevalence of long-term disability from
traumatic brain injury in the civilian population of the United States, 2005. J. Head Trauma
Rehabil. 2008, 23, 394—-400.

King, B.S.; Gupta, R.; Narayan, R.K. The early assessment and intensive care unit management of
patients with severe traumatic brain and spinal cord injuries. Surg. Clin. N. Am. 2000, 80,
855-870.

Coronado, V.G.; Xu, L.; Basavaraju, S.V.; McGuire, L.C.; Wald, M.M.; Faul, M.D.; Guzman,
B.R.; Hemphill, J.D. Surveillance for traumatic brain injury-related deaths: United States,
1997-2007. MMWR Surveill Summ. 2011, 60, 1-32.

Boughey, J.C.; Yost, M.J.; Bynoe, R.P. Diabetes insipidus in the head-injured patient. Am. Surg.
2004, 70, 500-503.

Cyran, E. Hypophysenschaedigung durch schaedelbasisfraktur. Deutsch Med. Wochenschr. 1918,
44, 1261.

Holborn, A.H.S. Mechanics of head injury. Lancet 1943, 2, 438-441.

Porter, R.J.; Miller, R.A. Diabetes insipidus following closed head injury. J. Neurol. Neurosurg.
Psych. 1948, 11, 258-262.

Maghnie, M.; Cosi, G.; Genovese, E.; Manca-Bitti, M.L.; Cohen, A.; Zecca, S.; Tinelli, C,;
Gallucci, M.; Bernasconi, S.; Boscherini, B.; et al. Central diabetes insipidus in children and
young adults. N. Engl. J. Med. 2000, 343, 998—1007.

Yuan, X.Q.; Wade, C.E. Neuroendocrine abnormalities in patients with traumatic brain injury.
Front. Neuroendocrinol. 1991, 12, 209-230.

Crowley, R.K.; Sherlock, M.; Agha, A.; Smith, D.; Thompson, C.J. Clinical insights into adipsic
diabetes insipidus: A large case series. Clin. Endocrinol. (Oxf.) 2007, 66, 475-482.

Labib, M.; McPhate, G.; Marks, V. Post-traumatic diabetes insipidus combined with primary
polydipsia. Postgrad. Med. J. 1987, 63, 33-35.

Crowley, R.K.; Hamnvik, O.P.; O’Sullivan, E.P.; Behan, L.A.; Smith, D.; Agha, A.; Thompson,
C.J. Morbidity and mortality in patients with craniopharyngioma after surgery. Clin Endocrinol
(Oxf.) 2010, 73, 516-521.

Harper, C.G.; Doyle, D.; Adams, J.H.; Graham, D.I. Analysis of abnormalities in pituitary gland
in non-missile head injury: Study of 100 consecutive cases. J. Clin. Pathol. 1986, 39, 769-773.
Treip, C.S. Hypothalamic and pituitary injury. J. Clin. Pathol. Suppl (R. Coll. Pathol.) 1970, 4,
178-186.

Hensen, J.; Henig, A.; Fahlbusch, R.; Meyer, M.; Boehnert, M.; Buchfelder, M. Prevalence,
predictors and patterns of postoperative polyuria and hyponatraemia in the immediate course after
transsphenoidal surgery for pituitary adenomas. Clin. Endocrinol. (Oxf.) 1999, 50, 431-439.
Agha, A.; Thompson, C.J. Anterior pituitary dysfunction following traumatic brain injury (TBI).
Clin. Endocrinol. (Oxf.) 2006, 64, 481-488.

Kleindienst, A.; Brabant, G.; Bock, C.; Maser-Gluth, C.; Buchfelder, M. Neuroendocrine function
following traumatic brain injury and subsequent intensive care treatment: A prospective
longitudinal evaluation. J. Neurotrauma 2009, 26, 1435-1446.

Powner, D.J.; Boccalandro, C.; Alp, M.S.; Vollmer, D.G. Endocrine failure after traumatic brain
injury in adults. Neurocrit. Care 2006, 5, 61-70.



J. Clin. Med. 2015, 4 1459

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Haddad, S.H.; Arabi, Y.M. Critical care management of severe traumatic brain injury in adults.
Scand. J. Trauma Resusc. Emerg. Med. 2012, 20, 12.

Hannon, M.J.; Crowley, R.K.; Behan, L.A.; O’Sullivan, E.P.; O’Brien, M.M.; Sherlock, M.;
Rawluk, D.; O’Dwyer, R.; Tormey, W.; Thompson, C.J. Acute glucocorticoid deficiency and
diabetes insipidus are common after acute traumatic brain injury and predict mortality. J. Clin.
Endocrinol. Metab. 2013, 98, 3229-3237.

Agha, A.; Thornton, E.; O’Kelly, P.; Tormey, W.; Phillips, J.; Thompson, C.J. Posterior pituitary
dysfunction after traumatic brain injury. J. Clin. Endocrinol. Metab. 2004, 89, 5987-5992.
Hadjizacharia, P.; Beale, E.O.; Inaba, K.; Chan, L.S.; Demetriades, D. Acute diabetes insipidus in
severe head injury: A prospective study. J. Am. Coll. Surg. 2008, 207, 477-484.

Karali, V.; Massa, E.; Vassiliadou, G.; Chouris, I.; Rodin, I.; Bitzani, M. Evaluation of
development of diabetes insipidus in the early phase following traumatic brain injury in critically
ill patients. Crit. Care 2008, 12, S51-S52.

Benvenga, S.; Campenni, A.; Ruggeri, R.M.; Trimarchi, F. Clinical review 113: Hypopituitarism
secondary to head trauma. J. Clin. Endocrinol. Metab. 2000, 85, 1353-1361.

Su, D.H.; Chang, Y.C.; Chang, C.C. Post-traumatic anterior and posterior pituitary dysfunction.
J. Formos. Med. Assoc. 2005, 104, 463-467.

Agha, A.; Sherlock, M.; Phillips, J.; Tormey, W.; Thompson, C.J. The natural history of
post-traumatic neurohypophysial dysfunction. Eur. J. Endocrinol. 2005, 152, 371-377.

Chou, Y.C.; Wang, T.Y.; Yang, P.Y.; Meng, N.H.; Chou, L.W. Permanent central diabetes
insipidus after mild traumatic brain injury. Brain Inj. 2009, 23, 1095-1098.

Seckl, J.R.; Dunger, D.B.; Lightman, S.L. Neurohypophyseal peptide function during early
postoperative diabetes insipidus. Brain 1987, 110, 737-746.

Bohnen, N.; Twijnstra, A.; Jolles, J. Water metabolism and postconcussional symptoms 5 weeks
after mild head injury. Eur. Neurol. 1993, 33, 77-79.

Aimaretti, G.; Ambrosio, M.R.; Di, S.C.; Gasperi, M.; Cannavo, S.; Scaroni, C.; Fusco, A.; Del,
M.P.; De, M.E.; Faustini-Fustini, M.; et al. Residual pituitary function after brain injury-induced
hypopituitarism: a prospective 12-month study. J. Clin. Endocrinol. Metab. 2005, 90, 6085-6092.
Aimaretti, G.; Ambrosio, M.R.; Di, S.C.; Gasperi, M.; Cannavo, S.; Scaroni, C.; De, M.L.; Baldelli,
R.; Bona, G.; Giordano, G.; et al. Hypopituitarism induced by traumatic brain injury in the
transition phase. J. Endocrinol. Investig. 2005, 28, 984-989.

Lieberman, S.A.; Oberoi, A.L.; Gilkison, C.R.; Masel, B.E.; Urban, R.J. Prevalence of
neuroendocrine dysfunction in patients recovering from traumatic brain injury. J. CIin.
Endocrinol. Metab. 2001, 86, 2752-2756.

Klose, M.; Juul, A.; Poulsgaard, L.; Kosteljanetz, M.; Brennum, J.; Feldt-Rasmussen, U.
Prevalence and predictive factors of post-traumatic hypopituitarism. Clin. Endocrinol. (Oxf.)
2007, 67, 193-201.

Teasdale, G.; Jennett, B. Assessment of coma and impaired consciousness. A practical scale.
Lancet 1974, 2, 81-84.

Wood, P.H. Appreciating the consequences of disease: The international classification of
impairments, disabilities, and handicaps. WHO Chron. 1980, 34, 376-380.



J. Clin. Med. 2015, 4 1460

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Helmy, A.; Vizcaychipi, M.; Gupta, A.K. Traumatic brain injury: Intensive care management.
Br. J. Anaesth. 2007, 99, 32-42.

Adrogue, H.J.; Madias, N.E. Hypernatremia. N. Engl. J. Med. 2000, 342, 1493—1499.

Stern, R.H. Disorders of plasma sodium. N. Engl. J. Med. 2015, 372, 55-65.

Overgaard-Steensen, C.; Ring, T. Clinical review: Practical approach to hyponatraemia and
hypernatraemia in critically ill patients. Crit. Care 2013, 17, 206.

Alaca, R.; Yilmaz, B.; Gunduz, S. Anterior hypopituitarism with unusual delayed onset of
diabetes insipidus after penetrating head injury. Am. J. Phys. Med. Rehabil. 2002, 81, 788—791.
Hadani, M.; Findler, G.; Shaked, I.; Sahar, A. Unusual delayed onset of diabetes insipidus
following closed head trauma. Case report. J. Neurosurg. 1985, 63, 456—458.

Yoshida, J.; Shiroozu, A.; Zaitsu, A.; Imazono, Y.; Kohrogi, T.; Yokohata, K.; Kishikawa, H.
Diabetes insipidus after traumata of two extremes in severity. Yonsei Med. J. 1990, 31, 71-73.
Robertson, G.L.; Aycinena, P.; Zerbe, R.L. Neurogenic disorders of osmoregulation. Am. J. Med.
1982, 72, 339-353.

Yang, Y.H.; Lin, J.J.; Hsia, S.H.; Wu, C.T.; Wang, H.S.; Hung, P.C.; Chou, M.L.; Hsieh, M.Y ;
Lin, K.L. Central diabetes insipidus in children with acute brain insult. Pediatr. Neurol. 2011, 45,
377-380.

Hannon, M.J.; Finucane, F.M.; Sherlock, M.; Agha, A.; Thompson, C.J. Clinical review:
Disorders of water homeostasis in neurosurgical patients. J. Clin. Endocrinol. Metab. 2012, 97,
1423-1433.

Zerbe, R.L.; Robertson, G.L. A comparison of plasma vasopressin measurements with a standard
indirect test in the differential diagnosis of polyuria. N. Engl. J. Med. 1981, 305, 1539-1546.
Jochberger, S.; Morgenthaler, N.G.; Mayr, V.D.; Luckner, G.; Wenzel, V.; Ulmer, H.; Schwarz,
S.; Hasibeder, W.R.; Friesenecker, B.E.; Diinser, M.W. Copeptin and arginine vasopressin
concentrations in critically ill patients. J. Clin Endocrinol Metab. 2006, 9, 4381-4386.

Katan, M.; Morgenthaler, N.G.; Dixit, K.C.; Rutishauser, J.; Brabant, G.E.; Muller, B.; Christ-Crain,
M. Anterior and posterior pituitary function testing with simultaneous insulin tolerance test and a
novel copeptin assay. J. Clin. Endocrinol. Metab. 2007, 92, 2640-2643.

Kleindienst, A.; Brabant, G.; Morgenthaler, N.G.; Dixit, K.C.; Parsch, H.; Buchfelder, M.
Following brain trauma, copeptin, a stable peptide derived from the AVP precusor, does not
reflect osmoregulation but correlates with injury severity. Acta Neurochir Suppl. 2010, 106,
221-2244,

Lin, J.J.; Lin, K.L.; Hsia, S.H.; Wu, C.T.; Wang, H.S. Combined central diabetes insipidus and
cerebral salt wasting syndrome in children. Pediatr. Neurol. 2009, 40, 84-87.

Saatman, K.E.; Duhaime, A.C.; Bullock, R.; Maas, A.l.; Valadka, A.; Manley, G.T. Classification
of traumatic brain injury for targeted therapies. J. Neurotrauma 2008, 25, 719-738.

Roguski, M.; Morel, B.; Sweeney, M.; Talan, J.; Rideout, L.; Riesenburger, R.I.; Madan, N_;
Hwang, S. Magnetic resonance imaging as an alternative to computed tomography in select
patients with traumatic brain injury: A retrospective comparison. J. Neurosurg. Pediatr. 2015,
1-6, d0i:10.1016/j.joms.2013.08.030.



J. Clin. Med. 2015, 4 1461

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Maiya, B.; Newcombe, V.; Nortje, J.; Bradley, P.; Bernard, F.; Chatfield, D.; Outtrim, J.;
Hutchinson, P.; Matta, B.; Antoun, N.; et al. Magnetic resonance imaging changes in the pituitary
gland following acute traumatic brain injury. Intensive Care Med. 2008, 34, 468-475.

Kawai, K.; Aoki, M.; Nakayama, H.; Kobayashi, K.; Sano, K.; Tamura, A. Posterior pituitary
hematoma in a case of posttraumatic diabetes insipidus. Case report. J. Neurosurg. 1995, 83,
368-371.

Shin, J.H.; Lee, H.K.; Choi, C.G.; Suh, D.C.; Kim, C.J.; Hong, S.K.; Na, D.G. MR imaging of
central diabetes insipidus: A pictorial essay. Korean J. Radiol. 2001, 2, 222-230.

John, C.A.; Day, M.W. Central neurogenic diabetes insipidus, syndrome of inappropriate
secretion of antidiuretic hormone, and cerebral salt-wasting syndrome in traumatic brain injury. Crit.
Care Nurse 2012, 32, el—€7.

Clifton, G.L.; Miller, E.R.; Choi, S.C.; Levin, H.S. Fluid thresholds and outcome from severe
brain injury. Crit. Care Med. 2002, 30, 739-745.

Wright, W.L. Sodium and fluid management in acute brain injury. Curr. Neurol. Neurosci. Rep.
2012, 12, 466-473.

Tisdall, M.; Crocker, M.; Watkiss, J.; Smith, M. Disturbances of sodium in critically ill adult
neurologic patients: A clinical review. Neurosurg. Anesthesiol. 2006, 18, 57-63.

Lindner, G.; Funk, G.C. Hypernatremia in critically ill patients. J. Crit. Care. 2013, 28,
el1-e20.

Alharfi, IL.M.; Stewart, T.C.; Kelly, S.H.; Morrison, G.C.; Fraser, D.D. Hypernatremia is
associated with increased risk of mortality in pediatric severe traumatic brain injury. J.
Neurotrauma 2013, 30, 361-366.

Vokes, T.J.; Gaskill, M.B.; Robertson, G.L. Antibodies to vasopressin in patients with diabetes
insipidus. Implications for diagnosis and therapy. Ann. Intern. Med. 1988, 108, 190-195.
Maggiore, U.; Picetti, E.; Antonucci, E.; Parenti, E.; Regolisti, G.; Mergoni, M.; Vezzani, A.;
Cabassi, A.; Fiaccadori, E. The relation between the incidence of hypernatremia and mortality in
patients with severe traumatic brain injury. Crit. Care 2009, 13, R110.

Lam, K.S.; Wat, M.S.; Choi, K.L.; Ip, T.P.; Pang, R.-W.; Kumana, C.R. Pharmacokinetics,
pharmacodynamics, long-term efficacy and safety of oral 1-deamino-8-D-arginine vasopressin in
adult patients with central diabetes insipidus. Br. J. Clin. Pharmacol. 1996, 42, 379-385.
Bradshaw, K.; Simth, M. Disorders of sodium balance after brain injury. Critical Care Pain 2008,
8, 129-133.

Hwang, J.J.; Hwang, D.Y. Treatment of endocrine disorders in the neuroscience intensive care
unit. Curr. Treat. Options. Neurol. 2014, 16, 271.

Rembratt, A.; Graugaard-Jensen, C.; Senderovitz, T.; Norgaard, J.P.; Djurhuus, J.C.
Pharmacokinetics and pharmacodynamics of desmopressin administered orally versus intravenously
at daytime versus night-time in healthy men aged 55—70 years. Eur. J. Clin. Pharmacol. 2004, 60,
397-402.

Juul, K.V.; Bichet, D.G.; Norgaard, J.P. Desmopressin duration of antidiuretic action in patients
with central diabetes insipidus. Endocrine 2011, 40, 67-74.

Tsagarakis, S.; Tzanela, M.; Dimopoulou, I. Diabetes insipidus, secondary hypoadrenalism and
hypothyroidism after traumatic brain injury: Clinical implications. Pituitary 2005, 8, 251-254.



J. Clin. Med. 2015, 4 1462

74.

75.

76.

77.

78.

79.

Green, R.P.; Landt, M. Home sodium monitoring in patients with diabetes insipidus. J. Pediatr.
2002, 141, 618—624.

Osterberg, O.; Savic, R.M.; Karlsson, M.O.; Simonsson, U.S.; Norgaard, J.P.; Walle, J.V.;
Agerso, H. Pharmacokinetics of desmopressin administrated as an oral lyophilisate dosage form in
children with primary nocturnal enuresis and healthy adults. J. Clin. Pharmacol. 2006, 46,
1204-1211.

Arima, H.; Oiso, Y.; Juul, K.V.; Norgaard, J.P. Efficacy and safety of desmopressin orally
disintegrating tablet in patients with central diabetes insipidus: Results of a multicenter open-label
dose-titration study. Endocr. J. 2013, 60, 1085-1094.

Leal-Cerro, A.; Flores, J.M.; Rincon, M.; Murillo, F.; Pujol, M.; Garcia-Pesquera, F.; Dieguez, C.;
Casanueva, F.F. Prevalence of hypopituitarism and growth hormone deficiency in adults
long-term after severe traumatic brain injury. Clin. Endocrinol. (Oxf.) 2005, 62, 525-532.
Ranasinghe, A.M.; Bonser, R.S. Endocrine changes in brain death and transplantation. Best.
Pract. Res. Clin. Endocrinol. Metab. 2011, 25, 799-812.

Sigounas, D.G.; Sharpless, J.L.; Cheng, D.M.; Johnson, T.G.; Senior, B.A.; Ewend, M.G.
Predictors and incidence of central diabetes insipidus after endoscopic pituitary surgery.
Neurosurgery 2008, 62, 71-78.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



