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The question stated in the title of this article arises because there are several clinical conditions
characterized by abnormalities in three or all of these variables. When hypovolemia, occurring as
a result of vomiting, is accompanied by metabolic alkalosis, the kidneys avidly reabsorb sodium,
chloride and bicarbonate, and urine may become acidic ('paradoxical aciduria'). [1] This suggests
that regulation of ECF volume overrides mechanisms defending changes in ECF pH.
Release of antidiuretic hormone (ADH) is triggered by increases in sodium concentration of ECF
as well as decreases in ECF or blood volume. [2-4] Primary adrenocortical insufficiency
(Addison’s disease) is characterized by hyponatremia, a decrease in plasma osmolality, and may
additionally be characterized by hyperkalemia and metabolic acidosis. [4-7] The cause of
hyponatremia in primary adrenocortical insufficiency is mainly a decrease in the content and
concentration of sodium and chloride in ECF secondary to deficiency of glucocorticoids and
mineralocorticoids. Since sodium is the dominant osmole in ECF, these individuals must have
ECF volume contraction especially in the absence of compensatory or pathologic elevation in
secretion and or activity of ADH. Several reports document elevated plasma arginine vasopressin
(AVP) in Addison’s disease [6-9]. However, some investigators have found AVP levels to be
normal in this condition [10-11]; symptoms and signs depend on the extent and rapidity of
destruction of the adrenal cortex and may not be clinically apparent until about 90% of
adrenocortical function is lost. [5]
Individuals with adrenocortical insufficiency have also been shown to have raised plasma renin
activity despite replacement therapy with fludrocortisone and cortisone acetate [12]. Plasma renin
concentration has been shown to be elevated in those with Addison’s disease receiving
glucocorticoids and a placebo, and is reduced in a dose dependent fashion in those treated with
fludrocortisone [13]. All of these observations point to a decrease in ECF volume in untreated
primary adrenocortical insufficiency.

Medical Physiology Online [MPO] ISSN 1985-4811 http://www.medicalphysiologyonline.org

1

Prakash ES. Which one of these variables is most critically regulated: extracellular fluid (ECF) volume or ECF osmolality or ECF pH or effective
arterial blood volume? Medical Physiology Online 2012; published Jul 27 2012 at http://www.medicalphysiologyonline.org

Leaf and Mamby [14] have described a female patient with Addison’s disease inadequately
treated with 5 mg of deoxycorticosterone acetate who responded to an oral water load of 500 ml
with a fall in plasma osmolality, a rise in urine osmolality, and a demonstrable rise in antidiuretic
activity in the serum. Clearly, the osmoregulatory mechanisms were not showing the ‘expected’
response to a decrease in plasma osmolality. In contrast, in a euvolemic individual, a water
diuresis would be expected. In the same article [14], these authors report an identical pattern in
dogs depleted of 130 meq of extracellular electrolyte and volume by peritoneal dialysis so as to
result in hyponatremia. These animals were then given a 300 ml water load by a stomach tube. In
contrast to the hypotonic diuretic response to the 300 ml water load in the euvolemic
normonatremic dog, the response observed in the hypovolemic hyponatremic dog to the same
water load was a 6-7 fold lower urine flow rate, a significantly higher antidiuretic activity in
serum, and urine osmolality remained twice as high as plasma osmolality. With all these
observations taken together, it appears that under conditions of hypovolemia, maintenance of the
amount of salt and thereby the volume of ECF is prioritized over control of osmolality of ECF.
Goldsmith et al. [15] have examined responses to oral water load of 15-20 ml/kg body weight in
patients with congestive heart failure and healthy control subjects. The decrease in urinary
osmolality following water load was significantly lower in patients with congestive heart failure
compared to healthy subjects, and urine remained concentrated in relation to plasma. Following
water load, plasma AVP levels in patients with congestive heart failure reduced to a much smaller
extent than in control subjects.
A decrease in effective arterial blood volume (the volume of blood contained in the systemic
arteries) and a decrease in atrial pressure induce release of ADH though osmolality may be
normal. [16] Effective arterial blood volume is the volume of arterial blood in the systemic
circulation that perfuses tissues. It is possible that effective arterial blood volume is reduced
while ECF volume is elevated. ‘Arterial underfilling’ accompanied by an increase in ECF volume
is known to occur in three states: congestive heart failure with edema; cirrhosis complicated by
portal hypertension and ascites; and nephrotic syndrome with edema.
There is evidence that release of ADH is regulated in part by arterial baroreceptors and lowpressure baroreceptors. When atrial pressures are raised but effective arterial blood volume and
arterial blood pressure are reduced as may happen in low cardiac output heart failure, arterial
baroreflex mediated stimulation of ADH release dominates low-pressure baroreceptor mediated
suppression of ADH release. [17] The afferent pathways for intravascular volume mediated
regulation of ADH release are the neural pathways from the arterial baroreceptors and or lowpressure baroreceptors to the nucleus of the tractus solitarius (NTS) via branches of the
glossopharyngeal nerves and the vagi respectively. From the NTS, impulses reach the
paraventricular nucleus via the caudal ventrolateral medulla. [3,4] A decrease in effective arterial
blood volume leads to a decrease in renal blood flow, this activates the renin-angiotensin system,
[16] and angiotensin II is a stimulator of ADH release. [4]
As for comparing tolerance to deviations in hydrogen ion concentration and osmolality of ECF
from normal, I do not know of a clinical situation in which both plasma osmolality and hydrogen
ion concentration change in the absence of a significant change in ECF volume. The normal range
of hydrogen ion concentration in arterial plasma is 35-45 nM (a variation of 12.5% either way
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from 40 nM), and the osmolality of normal human plasma ranges from 280 to 296 mOsm/Kg
H2O, a variation of 2.5% [3], significantly smaller compared to normal variations in hydrogen ion
concentration of arterial plasma. On this basis, it may be reasonable to infer that osmolality of
ECF is more rigorously controlled than the hydrogen ion concentration of ECF.
The arguments presented are summarized below:
Clinical Situation
Vomiting leading to hypovolemia and
metabolic alkalosis

Observation
Kidneys conserve Na, Cl and HCO3 and
the urine may become ‘paradoxically’
acidic.

Inference
ECF volume is more
critically controlled than
ECF pH.

Untreated or inadequately treated
adrenocortical insufficiency,
characterized by hypovolemia

Administration of a water load is
associated with antidiuresis rather than
diuresis, and urine osmolality remains
elevated compared to plasma.

ECF volume is more
critically controlled than
ECF osmolality.

Untreated congestive heart failure

Administration of a water load is
associated with antidiuresis rather than
diuresis, plasma level of AVP falls less
compared to that observed in healthy
euvolemic subjects, and urine
osmolality remains elevated compared
to plasma.

Effective arterial blood
volume is more critically
controlled than ECF volume
and ECF osmolality.

It seems reasonable to infer that homeostatic mechanisms prioritize defense of ECF volume over
control of either osmolality or pH of ECF; also, it is clear that effective arterial blood volume is
more critically regulated than ECF volume. Teleologically, under conditions of hypovolemic
hyponatremia, conservation of ECF volume by antidiuretic mechanisms or its repletion by water
drinking may allow for eventual normalization of ECF osmolality by intake of salt in the diet.
[14] The practical importance of this knowledge is the possibility that changes in ECF and or
blood volume might underlie seemingly paradoxical changes in either osmolality and or pH of
ECF in clinical conditions such as those discussed above. It is helpful to bear this in mind since
blood or ECF volume is rarely if ever measured in clinical practice, and physical signs and
symptoms are not very sensitive indicators of mild hypovolemia [18].
Disclosure: the author is the editor and publisher of Medical Physiology Online.
References:
Hyperlinks below were last accessed 26 Jul 2012
[1] Galla JH. Metabolic alkalosis. Journal of the American Society of Nephrology 2000; 369-375
http://jasn.asnjournals.org/content/11/2/369.full.pdf+html
[2] Weitzman RE, Glatz TH and Fisher DA. The effect of hemorrhage and hypertonic saline upon plasma oxytocin and
arginine vasopressin in conscious dogs. Endocrinology 1978; 103; 6: 2154-2160
http://endo.endojournals.org/content/103/6/2154.short
[3] Ganong WF. Chapter 14 - Central regulation of visceral function. In: Review of Medical Physiology, Mc Graw Hill,
International Edition, 2005, pp. 242-247.
[4] Andreoli TE, Reeves WB and Bichet DG. Endocrine control of water balance. In: Comprehensive Physiology, Online
ISBN: 9780470650714, Wiley Online Library, Jan 2011 http://onlinelibrary.wiley.com/doi/10.1002/cphy.cp070314/pdf
[5] Aron DC, Findling JW, Tyrrell JB. Glucocorticoids and adrenal androgens, Chapter 10. In: Greenspan’s Basic and
Clinical Endocrinology, Gardner DG and Shoback D (editors), Lange - Mc Graw Hill, 2007.

Medical Physiology Online [MPO] ISSN 1985-4811 http://www.medicalphysiologyonline.org

3

Prakash ES. Which one of these variables is most critically regulated: extracellular fluid (ECF) volume or ECF osmolality or ECF pH or effective
arterial blood volume? Medical Physiology Online 2012; published Jul 27 2012 at http://www.medicalphysiologyonline.org

[6] Laczi F, Janáky T, Iványi T, Julesz J and László FA. Osmoregulation of arginine-8-vasopressin secretion in primary
hypothyroidism and in Addison's disease Acta Endocrinol 1987; 114: 389-395 http://www.eje.org/content/114/3/389.short
[7] Ahmed ABJ, George BC, Gonzalez-Auvert C, Dingman JF. Increased plasma arginine vasopressin in clinical
adrenocortical insufficiency and its inhibition by glucosteroids. Journal of Clinical Investigation 1967; 46: 111-123
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC297026/
[8] Kamoi K, Tamura T, Tanaka K, Ishibashi M, Yamaji T. Hyponatremia and osmoregulation of thirst and vasopressin
secretion in patients with adrenal insufficiency. Journal of Clinical Endocrinology and Metabolism. 1993; 77: 1584-8.
[9] O’Rahilly S. Secretion of antidiuretic hormone in hyponatraemia: not always "inappropriate". British Medical Journal
1985; 290: 1803–1804. http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1415979/
[10] Grenbäck E, Hulting AL, Bucht E, Petersson M. Plasma galanin, vasopressin, and oxytocin in patients with Addison's
disease. Horm Metab Res. 2007; 39: 589-95 http://www.ncbi.nlm.nih.gov/pubmed/17712724
[11] Wittert GA, Livesey JH, Florkowski C, Or HK, Donald RA, Espiner EA. Acutely raised corticotropin levels in
Addison's disease are not associated with increased plasma arginine vasopressin and corticotropin-releasing factor
concentrations in peripheral plasma. Journal of Clinical Endocrinology and Metabolism. 1993; 76: 192 196.
http://www.ncbi.nlm.nih.gov/pubmed/8380605
[12] Jadoul M, Ferrant A, De Plaen JF, Crabbe J. Mineralocorticoids in the management of adrenocortical insufficiency.
Journal of Endocrinologic Investigations 1991; 14: 87-91 http://www.ncbi.nlm.nih.gov/pubmed/2061574
[13] Cohen N, Gilbert R, Wirth A, Casley D and Jerums G. Atrial natriuretic peptide and plasma renin levels in assessment
of mineralocorticoid replacement in Addison's disease. The Journal of Clinical Endocrinology & Metabolism 1996; 81: 14111415 http://jcem.endojournals.org/content/81/4/1411.short
[14] Leaf A and Mamby AR. An antidiuretic mechanism not regulated by extracellular fluid tonicity. Journal of Clinical
Investigation 1952; 31: 60-71 http://www.ncbi.nlm.nih.gov/pmc/articles/PMC436383/
[15] Goldsmith SR, Francis GS, and Cowley AW. Arginine vasopressin and the renal response to water loading in
congestive heart failure. American Journal of Cardiology 1986; 58: 295-299
[16] Schrier R. Decreased effective blood volume in edematous disorders: what does this mean? Journal of the American
Society of Nephrology 2007; 18: 2028-2031 http://jasn.asnjournals.org/content/18/7/2028.full
[17] Shen YT, Cowley AW Jr, and Vatner SF. Relative roles of cardiac and arterial baroreceptors in vasopressin regulation
during hemorrhage in conscious dogs. Circulation Research 1991; 68: 1422-1436
http://circres.ahajournals.org/content/68/5/1422
[18] McGee S, Abernethy WB 3rd, Simel DL. The rational clinical examination. Is this patient hypovolemic? Journal of the
American Medical Association 1999; 281: 1022-9. http://jama.ama-assn.org/content/281/11/1022.long

Peer Reviewers:
Balint Kacsoh, MD, PhD, Professor of Histology and Cell Biology, Division of Basic Medical Sciences, Mercer
University School of Medicine, Macon, GA, USA. E-mail: kacsoh_b at mercer dot edu
Warren Thomas, PhD, Biomedical Research Lecturer, Department of Molecular Medicine, Royal College of
Surgeons in Ireland, Education and Research Centre, Beaumont Hospital, Dublin, Ireland. E-mail: wthomas at rcsi dot
ie
Editor: Peer review of this manuscript was supervised by guest editor Madanmohan, MBBS, MD, D.Sc, Department
of Physiology, Mahatma Gandhi Medical College and Research Institute, Puducherry, India. E-mail:
drmadanmohan999 at rediffmail dot com
The reviewers and the editor disclose no conflict of interests related to this submission.
Please cite this article as: Prakash ES. Which one of these variables is most critically regulated: extracellular fluid
(ECF) volume or ECF osmolality or ECF pH or effective arterial blood volume? Medical Physiology Online 2012;
published Jul 27 2012. Available from http://medicalphysiologyonline.wordpress.com (page numbers are not for
citation purposes)
Prepublication Record: The Prepublication record containing the original version of the manuscript, reviewers
comments, editor’s comments, the authors’ response can be accessed at
http://medicalphysiologyonline.wordpress.com/home/archive/
License: This is an open access article distributed under the terms of the Creative Commons Attribution License
http://creativecommons.org/licenses/by-nc/3.0/ which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work, is properly cited.

Medical Physiology Online [MPO] ISSN 1985-4811 http://www.medicalphysiologyonline.org

4

