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Objectives:
1. To understand the mechanism of fluids, electrolytes, and acid-base disturbances in surgical patients

2. To understand common terminological terms used in fluids, electrolytes, and acid-base discussions

3. To discuss normal and abnormal fluids, electrolytes, and acid-base conditions

Surgical stress resulting from trauma and surgery causes several neuroendocrine responses that can be summarized as follows:

1. The body tends to retain more water/sodium and excrete more potassium

2. Increase Anti Diuretic Hormone (ADH) secretion as a result of hypovolemia and hyperosmolality

3. Increase Aldosterone level, which lead to increase Na+ reabsorption and K+ excretion by the kidney

4. Increase Cortisol and Catecholamines, which lead to more K+ excretion

5. Increase Angiotensin II, which lead to increase Na+ and Water retention and increase K+ excretion  
Body fluid compartments:

1. Intracellular volume (40%) rich in water, K+, Mg+, and Phosphate (HPO4-) 

2. Extra cellular volume (20%) rich in water, Na+, Cl-, Ca++, and Albumin. 15% constitute interstitial space and 5% the intravascular pace.

                        Volume and composition of gastrointestinal fluid losses

Source          Volume (ml)            Na+*          Cl-*          K+*          HCO3-*          H+*

________________________________________________________________________

Stomach          1000-4200            20-120         130          10-15               -                 30-100
Duodenum        100-2000               110            115             15                10                   -
Ileum               1000-3000            80-150       60-100          10             30-50                 -
Colon                500-1700                120            90               25               45                    -
Bile                   500-1000                140           100               5                25                    - 
Pancreas           500-1000                 140            30                5               115                   - 
* mEq/L
Terminologies: 
· A solvent is the liquid where particles dissolves in (e.g. Water) that can be measured in liters and milliliters

· Solutes are the dissolving particles

· A molecule is the smallest unit with chemical identity (e.g. Water consist of one oxygen and two hydrogen atoms = water molecule)
· Ions are dissociated molecule into parts that have electrical charges ( e.g. NaCl dissociates into Na+ and Cl-)

· Cations are positively charged ions (e.g. Na+) due to loss of an electron (e-) and anions are negatively charged ions (e.g. Cl-) due to gain of an electrone (e-)
· Electrolytes are interacting cations and anions (e.g. H+ + Cl- = HCL [hydrochloric acid])
· A univalent ion has one electrical charge (e.g. Na+). A divalent ion has two electrical charges (e.g. Ca++)

· The molecular weight is the sum of atomic weights of different parts of a molecule (e.g. H+ [2 atoms] + O2 [16 atoms] = H2O [18 atoms])
· A mole is a measuring unit of the weight of each substance in grams (e.g. 1 mole of Na+ = 23 grams, 1 mole of Cl- = 35 grams, 1 mole of NaCl = 58 grams). It can be expressed in moles/L, millimoles x 10-3/L, micromoles x 10-6/L of the solvent.
· Equivalence refers to the ionic weight of an electrolyte to the number of charges it carries (e.g. 1 mole of Na+ = 1 Equivalent, whereas 1 mole of Ca++ = 2 Equivalents). Like moles, equivalence can also be expressed in milliequivalent/L and microequivalent/L of the solvent.

· Osmosis is the movement of a solution (e.g. water) through a semi permeable membrane from the lower concentration to the higher concentration.

· Osmole/L or milliosmole/L is a measuring unit for the dissolution of a solute in a solvent 

· Osmotic coefficient means the degree of dissolution of solutes (molecules) in a solvent (solution). For example the osmotic coefficient of NaCl is 0.9 means that if 10 molecules of NaCl are dissolved in water, 9 molecules will dissolve and 1 molecule will not dissolve. 
· Osmolarity is the dissolution of a solute in plasma measured in liters, whereas Osmolality is the dissolution of a solute in whole blood measured in kilograms. Therefore, Osmolality is more accurate term because dissolution of a solute in plasma is less inclusive when compared to whole blood that contains plasma (90%) and Proteins (10%).

· Gibbs – Donnan Equilibrium refers to movement of chargeable particles through a semi permeable membrane against its natural location to achieve equal concentrations on either side of the semi permeable membrane. For example, movement of Cl- from extra cellular space (natural location) to intracellular space (unusual location) in case of hyperchloremic metabolic acidosis because negatively charged proteins (natural location in intravascular space) are large molecules that cannot cross the semi permeable membrane for this equilibrium. 

· Tonicity of a solution means effective osmolality in relation to plasma (=285 milliosmol/L). Therefore, isotonic solutions [e.g. 0.9% saline solution] have almost equal tonicity of the plasma, hypotonic solutions [e.g. 0.45% saline solution] have < tonicity than plasma, and hypertonic [e.g. 3% saline solution] solutions have > tonicity than plasma.

· Composition of common parenteral fluids (Electrolytes Content mEq/L)
Solutions                     Na+   K+   Ca++   Mg+   Cl-   HCO3-      Osmolality_____
Extracellular fluid      142      4        5         3       103     27           280-310 mOsm/L   

Ringer’s lactate          130      4        3         -        109     28*             Isotonic 

0.9% NaCl                 154       -        -          -        154      -                 Isotonic
0.45 NaCl                   77        -        -          -          77      -                 Hypotonic
D5% Water                  -         -        -          -           -        -                 Hypotonic
(Glucose 5 grams/dl)        
3% NaCl                    513       -        -          -         513     -                 Hypertonic
__________________________________________________________________  
      *Transformed from lactate to bicarbonate by the liver

Water Excess:

In surgical patients water excess is usually caused by inappropriate use of hypotonic solutions (e.g. D5%Water) leading to hypo-osmolar hyponatremia, and Syndrome of inappropriate anti-diuretic hormone secretion (SIADH) that results from some diseases such as malignant tumors, CNS diseases, pulmonary disorders, medications, and severe stress. Symptoms of water excess develop slowly and if not recognized and treated promptly, they become evident by convulsions and coma due to cerebral edema. In the former case treatment should be initiated by removing excess water and adding sodium to increase serum osmolality (i.e. water restriction and infusion of isotonic or hypertonic saline solution). In the SIADH secretion, water reabsorption from the kidneys increases and as a result Aldosterone level accordingly decreases. Diagnosis of SIADH secretion is established when urine sodium > 20 mEq/L when there is no renal failure, hypotension, and edema. Treatment of SIADH secretion involves restriction of water intake (<1000 ml/day) and use of ADH- Antagonist (Demeclocycline 300-600 mg b.i.d).
Water Deficit:

A deficit of ECV is the most encountered derangement of fluid balance in surgical patients. Causes include Bleeding, third spacing, gastrointestinal losses, increase insensible loss (normal ≈ 10ml/kg/day), and increase renal losses (normal ≈ 500-1500 ml/day). Third spacing results from infection and trauma leading to endothelial lining damage creating big holes that allow water and albumin to escape from the intravascular space into the interstitial space. Renal losses can result from diabetes insipidus due to CNS cause like head injury (↓ADH) and renal damage due to hypercalcemia, hypokalemia, and lithium drug. Symptoms of water deficit include feeling thirsty, dryness, lethargy, and confusion. Signs include dry tongue and mucous membranes, sunken eyes, dry skin, loss of skin turgor, collapsed veins, depressed level of conciousness, and coma. Diagnosis can be confirmed by ↑ serum sodium (>145mEq/L) and ↑ serum osmolality (>300 mOsmol/L). Treatment depends on the nature and constituents of losses and sodium level. The average daily water requirement ≈ 30-35ml/kg/day. If sodium is > 145mEq/L give 0.45% hypotonic saline solution, if sodium is >160mEq/L give D5%Water cautiously and slowly (e.g. 1liter over 2-4 hours) in order not to cause water excess. Bleeding should be replaced by IVF initially then by whole blood or packed red cells depending on hemoglobin level. Each blood unit will raise the hemoglobin level by 1 g. Third spacing replacement can be estimated within a range of 4-8 ml/kg/h. Gastrointestinal and intraoperative losses should be replaced cc/cc. IVF maintenance can be roughly estimated as 4 cc/kg/hr for the first 10kgs + 2 cc/kg/hr for the second 10kgs + 1 cc/kg/hr for the rest of the body weight.  
Sodium: Is an important extracellular cation that determines serum osmolality and movement of water across cell membranes. Na+ is also important for action potential of nerves and muscles. Daily requirement of Na+ ~ 70-100 mEq/L.
Sodium Excess (Hypernatremia):
In surgical patients this is primarily caused by high sodium infusion (e.g. 0.9% or 
3% NaCl saline solutions). Another but rare cause is hyperaldosteronism. Symptoms and sign of are similar to water excess. Patients with CHF, Cirrhosis, and nephrotic syndrome are prone to this complication. Diagnosis is established when serum sodium > 145mEq/L. Treatment include water restriction and ↓ sodium infusion in IVF (e.g. 0.45% NaCl or D5%Water).          
Sodium Deficit (Hyponatremia):

Hyponatremia is caused by same causes of water deficit without adequate Na+ replacement. Symptoms and signs are of dehydration similar to water deficit. Diagnosis can be established by one or more of the followings: 

· ↓ urine sodium < 15 mEq/L

· ↑ serum osmolality >450mOsmol/L

· Prerenal azotemia (Serum BUN:Creatinine > 20:1)

                        Treatment: 0.9% NaCl or Ringer’s lactate solutions
      Potassium: Is an important intracellular cation. K+ is involved in cellular metabolism  

      and excitation of muscles and nerves. Daily requirement is ~ 0.5-1 mEq/Kg/day             

      Hyperkalemia:
Causes of hyperkalemia in surgical patients include increase K+ infusion in IVF, tissue injury, metabolic acidosis, renal failure, blood transfusion, and hemodialysis. Diagnosis is established by ↑ serum K+>6 meq/L and ECG changes. Treatment includes 1 ampule of D50% + 10 IU Insulin intravenously over 15 minutes, calcium exalate enemas, Lasix 20-40 mg i.v., and dialysis if needed.

Hypokalemia:  
Occurs when serum K+<3 mEq/L. Causes include inadequate replacement, diuretics, metabolic alkalosis, and hyperaldosteronism. Treatment involves KCl i.v. infusion or orally.  
Calcium: is mainly bone bound (99%). The remaining 1% is bound to albumin (0.5%) or other anions (0.1%) and free serum Ca++ (0.4%). Calcium is important for neuromuscular activities and clotting factors functions. Daily intake is ~ 1 gram.
Hypercalcemia:
In surgical patients hypercalcemia is usually caused by hyperparathyroidism and malignancy. Symptoms of hypercalcemia may include confusion, weakness, lethargy, anorexia, vomiting, epigastric abdominal pain due to pancreatitis, and nephrogenic diabetes insipidus polyuria. Diagnosis is established by measuring the free Ca++ >10mg/dl. Treatment includes normal saline infusion, and if CA++>14mg/dl with ECG changes additional diuretics, calcitonin, and mithramycin might be necessary.   
Hypocalcemia:

Results from several mechanisms including low parathyroid hormone after thyroid or parathyroid surgeries, low vitamin D, and pseudohypocalcemia (low albumin and hyperventilation). Other less common causes include pancreatitis, necrotizing fascitis, high output G.I. fistula, and massive blood transfusion. Symptoms may include numbness and tingling sensation circumorally or at the fingers’ tips. Tetany and seizures may occur at a very low calcium level. Signs include tremor, hyperreflexia, carpopedal spasms and positive Chvostek sign. Treatment should start by treating the cause. Calcium supplementation with calcium gluconate or calcium carbonate i.v. or orally. Vitamin D supplementation especially in chronic cases.  
Magnesium: Approximately 50% of the body Mg+ is located in bones and becomes readily available when needed. Like K+, Mg+ is an intracellular cation and normal daily intake is about 20 mEq/day.
Hypomagnesaemia:

The majority of magnesium is intracellular with only <1% is in extracellular space. Magnesium is important for neuromuscular activities. In surgical patients hypomagnesaemia is a frequently missed common electrolyte abnormality as it causes no major alerting symptoms. It happens from inadequate replacement in depleted surgical patients with major GI fistula and those on TPN.      
Hypermagnesaemia:

Mostly occur in association with renal failure, when Mg+ excretion is impaired. The use of antacids containing Mg+ may aggravate hypermagnesaemia. Treatment includes rehydration and renal dialysis. 
Phosphate: Is the most abundant intracellular anion with only 0.1% is available in the circulation. Therefore, blood levels do not reflect total body stores

Hypophosphataemia:  
This condition may result from inadequate intestinal absorption, increased renal excretion, hyperparathyroidism, massive liver resection, and inadequate replacement after recovery from significant starvation and catabolism. Hypophosphataemia causes muscle weakness and inadequate tissue oxygenation due to reduced 2,3- diphosphoglycerate levels. Early recognition and replacement will improve these symptoms.
Hyperphosphataemia:

Mostly is associated with renal failure and hypocalcaemia due to hypoparathyroidism, which reduces renal phosphate excretion. 
Acid- Base Disorders

· PH is a measurement unit replacing H+ concentration (nmole/L) for the ease of calculations and interpretation.
      PH = log 1/[H+] 

      Normal PH range = 7.3 – 7.42

      PH<7.3 indicates acidosis

      PH>7.42 indicates alkalosis
· Buffers: There are 4 major buffers that maintains acid-base balance in the body,
1. HCO3
2. Proteins
3. Hemoglobin
4. Phosphate

            Bicarbonate by far is the largest of these buffers and follows the equation:

            H+ + HCO3 ↔ H2CO3 ↔ H2O + CO2
· Normal blood gases measurement:

PH = 7.3-7.4

Partial pressure of CO2 in plasma (Pco2) = 40 mmHg

            Partial pressure of O2 in plasma (Po2) = 65 mmHg   

            Bicarbonate concentration (HCO3) = 24 mEq/L  
            O2 Saturation ≥ 90% 
            Base Excess 2.5 mEq/L (<2.5 metabolic acidosis, >2.5 metabolic alkalosis)

            Anion Gap (Na+ - [HCO3+Cl]) = 12 (>12 met. acidosis, < 12 met. alkalosis)                       
· Respiratory and metabolic components of acid-base disorders
_____________________________________________________________________

      Type of A-B disorder          Acute (Uncompensated)         Chronic (Partially Compensated)

                                                        PH           PCO2        HCO3          PH           PCO2           HCO3                                                
Respiratory acidosis                ↓↓              ↑↑           Normal           ↓               ↑↑                   ↑
Respiratory alkalosis               ↑↑              ↓↓           Normal           ↑               ↓↓                   ↓
Metabolic acidosis                  ↓↓            Normal         ↓↓               ↓                ↓                    ↓

Metabolic alkalosis                 ↑↑            Normal         ↑↑               ↑                ↑                    ↑
      ​​​​​​​​​​​​​___________________________________________________________________________________
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