








Anatomy and Physiology
of the Kidney

n the human body, the kidneys are located in
the dorsal abdominal cavity in the retroperi-
toneal space (Figure 2). The kidney in an aver-

age adult is 5-7 cm wide by
11-13 cm long, and weighs 120-
160 gm®. A thin fibrous capsule
composed of connective tissue,
blood vessels and lymphatic
tissue covers each kidney. An
adrenal gland is located on top
of each kidney. Under normal
conditions the kidneys receive
approximately 20-25% of the
cardiac output.

The kidney is composed of two
main sections, the cortex and

rure 2 the medulla (Figure 3)2
of Kidneys The cortex contains some of the
nephrons and their associated
blood vessels. In addition, the glomerulus,
Bowman'’s capsule and the proximal and distal
tubules of the juxtamedullary nephrons are
located deep within the cortex.
The medulla, the
Medulla

Cortex

Figure 3:
Bisected

Kidney (From

Brundage)

inner portion of the
kidney, contains the
pyramids, renal
columns, loops of
Henle, vasa recta
and collecting ducts
of juxtamedullary
nephrons. Pyramids
are triangular struc-
tures composed of
nephrons and their
blood vessels.

Urine formed by
the nephrons
passes through the papillae at the base of the
pyramids and is transported to the urinary blad-
der through the minor calyces, major calyces,
renal pelvis and ureter.®

The functional unit of the kidney is the nephron
(Figure 4)* There are approximately one million
nephrons in each kidney: 85% located within
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Figure 4: The Nephron (From Brundage)

the cortex and the other 15% within the jux-
tamedullary. The nephron is composed basi-
cally of the glomerulus from which the fluid is
filtered, and a long tubule in which the filtered
fluid is converted into urine on its way to the
pelvis. The fluid that filters through the glomeru-
lus is called the glomerular filtrate. The mem-
brane of the glomerular capillaries is called the
glomerular membrane. It has three major layers:

1. the endothelial layer of the capillary itself

2. a Basement Membrane, composed
primarily of collagen and glycoproteins

3. a layer of epithelial cells on the outer
surface

Despite the number of layers, the permeability
of the glomerulus membrane is over 100 times
greater than that of the usual capillary.
Approximately 180 L of filtrate flows through
the nephron each day in the following
sequence: Bowman’s capsule, the proximal con-
voluted tubule, the loop of Henle, and the distal
convoluted tubule. In the proximal convoluted
tubule, obligatory reabsorption occurs to
approximately 120 L of the filtrate. In the loop
of Henle, the distal convoluted tubule and the
collecting ducts, reabsorption of electrolytes and
water continues. At the end of the process only
1% of glomerular filtrate is lost as urine.
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In addition to forming urine, the kidneys pro-
duce and respond to hormones vital in main-
taining homeostasis.®

Hypothalamus
The basic relationship between blood osmolal-

ity, blood volume, antidiuretic hormone (ADH)
secretion and kidney function is displayed in
Figure 5. This mechanism is generally effective
in keeping plasma volume and osmolality con-
stant. ADH is produced by the posterior pitu-
itary gland. When released into the blood
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stream, ADH combines with receptors on the
cell membrane of the distal convoluted tubule.

Osmoreceptors Baroreceptors

A ADH causes water to be reabsorbed by osmosis.

ADH allows the kidneys to conserve water by

Volgne A reavsorption excreting a concentrated urine. The return of
Watt ; H ; :
ol | A Mﬁim \ interstitial osmolality and blood volume to their

normal points inhibits further secretion of ADH,
resulting in a more dilute urine.®

The renin-angiotensin-aldosterone mechanism,
displayed in Figure 6, acts to raise blood pres-
sure. Conversely, the atrial natriuretic peptide,
released from the cardiac atria when the atria is
distended (i.e. expansion of the extracellular
volume), acts to reduce the blood pressure and
increase the excretion of NaCL and water by
the kidneys.”
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Figure 5: ADH and Kidney function (From Brundage)
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Morbid Events

During a dialysis procedure, it is not uncommon
for the patient to experience symptoms such as
hypotension, cramping, nausea and vomiting, or
dizziness. This section will explore the symp-
toms of hypotension and cramping during dialy-
sis and offer possible explanations to their
origin.

Hypotension

Hypotension is defined as a consequence of
reduction in cardiac output (CO) and/or sys-
temic vascular resistance (SVR). Blood volume
depletion during dialysis causes cardiac output
to be limited by cardiac filling. Any minor
decrease in peripheral vascular resistance (PVR)
may precipitate a drop in blood pressure
because the cardiac output cannot increase
enough to compensate.When compensatory
changes in the heart rate, PVR, or myocardial
contractility do not occur, an episode of
hypotension is produced.

A rapid decrease in blood volume and cardiac
output during dialysis causes intradialytic
hypotension. Cardiac output is a function of
stroke volume and heart rate. Stroke volume is
dependent on plasma volume and myocardial
contractility. Furthermore, the PVR and the CO
determine mean arterial pressure (MAP).
Cardiac factors are a common cause of low
blood pressure. These factors may include, but
are not limited to, hypertrophy and dilation of
the left ventricle or diastolic dysfunction sec-
ondary to a stiff hypertrophied heart.

These conditions result in the inability to main-
tain cardiac output in response to a minor
decrease in filling pressures. An advanced-age
patient also has an additional risk that athero-
sclerosis and coronary artery disease will con-
tribute to low blood pressure. The relationship
of one component of the heart is intricately
integrated into another. It is readily apparent
that if one area is compromised, it will greatly
affect the other. Following are factors that may
contribute to episodes of hypotension:®

« Acetate bath

« Antihypertensive medications

« Vasodilators

= Unstable cardiovascular status

« Fluid volume excess

« Vascular disease

« Hypoalbuminemia

< Incorrect ultrafiltration rate

« Inaccurate patient weight assessment

« Dialysate at body temperature or warmer

« Splanchnic vasodilation secondary to food or
glucose ingestion

« Severe anemia (<20-25%)
* Hypoxemia

* Ischemia

« Low dialysate sodium level

« Lack of vasoconstriction (Peripheral Vascular
Resistance)

* Posture

« Pericardial tamponade, myocardial infarction,
occult hemorrhage, septicemia, arrhythmias,
dialyzer reaction, hemolysis and air embolism

« Decreased cardiac reserve may also result
from the chronic high output state secondary
to the anemia of chronic renal failure further
complicated by the presence of an arteriove-
nous fistula or arteriovenous graft (approxi-
mately 20% of the cardiac output may flow
through the patient’s access).
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During dialysis, episodes of hypoxemia (see
“Hypoxemia”on page 15) may lead to hypoten-
sion via the mechanism shown in Figure 7.
Tissue ischemia causes the release of adenosine

which subsequently blocks the release of norep-

inephrine from sympathetic nerve terminals
and has intrinsic vasodilator properties. Thus,
hypotension can perpetuate itself through the
release of adenosine and its effects.

The patient’s body attempts to prevent hypoten-

sion by several compensatory mechanisms.

Compensatory Hemodynamic Mechanisms
During Volume Depletion:®

« Maintenance of plasma volume
« Increased plasma refilling
* Maintenance of cardiac filling

« Centripetal shifting of blood volume due to
reduction in venous capacity

« Maintenance of cardiac output

= Increased cardiac emptying

« Increased cardiac contractility

 Increased cardiac rate

« Maintenance of large vessel blood pressure

« Increased resistance in muscle and skin
circulation

« Increased resistance in splanchnic circulation

Cramping

Many dialysis patients will experience cramping
and may require intervention by the clinician.
Methods used to alleviate this phenomenon
have included normal saline infusion, hyper-
tonic injection, mannitol, 50% dextrose, sodium
modeling, reduction of UF goal, and early termi-
nation of the dialysis treatment.

Possible causes of muscle cramping include:*

= Electrolyte disorders or imbalances: hypona-
tremia, hypokalemia, hypocalcemia, hypomag-
nesemia

» Excessive fluid removal or hypo-osmolality
* High UFR

« Differences in dialysate sodium concentration
relative to serum sodium concentration

 Postdialytic alkalemia
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Figure 7: Tissue Ischemia

= Carnitine deficiency, secondary to hemodialy-
sis, produces a myopathy with electrically
silent contractions.

« Tissue hypoxemia/ischemia

« Venous stasis

< Hyper/Hypothyroidism
 Polyneuropathy

< Motor system disease

« Skeletal muscle structural changes
e Uremia

The etiology of cramping has not been precisely
delineated and is multifactorial.® The dialysis
clinician may reduce the occurrence of cramp-
ing during the treatment by utilizing sodium
modeling, ultrafiltration profiling, dialysate tem-
perature manipulation, medication and posture
changes during the dialysis treatment.

However approximately 10-32% of patients still
experience cramping symptoms intradialytically,
leaving the patient and the dialysis clinician
striving for a“better treatment,”a treatment
without morbidity.

Hematocrit-Based Blood Volume Monitoring and the Hemodialysis Patient

Blocks the release
of norepinephrine




Co-Morbid Conditions

he dialysis patient presents with very

complex conditions. In addition to the risk
of morbid events during the dialysis procedure,
the patient’s condition is often compromised by
a variety of co-morbid conditions.

Documentation shows that diabetes and
hypertension are contributing factors to the
co-morbid conditions of cardiovascular disease.

Diabetes

Diabetes is a disease with a high mortality and
morbidity rate, and complications and
challenges that are well documented in the
literature. Diabetes is the primary cause of End
Stage Renal Disease (ESRD) for approximately
one half of patients entering an ESRD program.
Diabetes can have a variety of effects on any
patient, with diabetic nephropathy being a pri-
mary complication. The pathophysiology of dia-
betes, as related to the kidney, is marked by five
stages.™®

Stage 1
Glomerular hypertrophy begins, resulting in
an enlargement of the kidney. An increase in
glomerular filtration rate is produced and
microalbuminuria may be present.

Stage 2
An increased thickening of the basement
membrane of the glomerulus occurs.

Stage 3
Persistent microalbuminuria, along with scle-
rosis of some glomeruli and hypertrophy of
the remaining ones, occurs. At the end of this

stage, there is a decline in the glomerular filtra-

tion rate, thus placing a patient at a high risk
for diabetic nephropathy.

Stage 4
Further expansion of the mesangium, which
causes a reduction in the filtration surface of
the glomerulus, and impedes blood flow.
Microalbuminuria now progresses to protein-
uria with a greater decrease in GFR.

Stage 5
Scarring and closure of the remaining
glomeruli occur.

Hypertension

Hypertension may be caused by:

* Fluid and sodium overload

< Malfunction of renin-angiotensin system
= Serum ionized calcium

* Recombinant human erythropoietin

Each of these factors may be more common in
the hemodialysis patient. In a large number of
hemodialysis patients being treated for hyper-
tension, 87% of diabetic and 66% of nondiabetic
patients have inadequate blood pressure con-
trol.®? Inadequate removal of excess volume
during hemodialysis is a major cause of dialysis-
refractory hypertension.* Attaining dry weight
by sufficient dialysis will either normalize the
blood pressure or make it easier to control in
80-90% of hypertensive dialysis patients.?

Left Ventricular Hypertrophy (LVH)

LVH is a cardiovascular disease that affects
many dialysis patients.

The reported prevalence in ESRD patients
receiving chronic dialysis is as high as 57-77%.
LVH may be caused by:*

< Hypertension
< Increased afterload, e.g. aortic stenosis

< Increased preload, e.g. volume overload and
anemia

= Coronary artery disease
= Obesity and increasing age.

Left ventricular hypertrophy may occur in

the following several forms:

« Hypertrophy due to chronic pressure loads
(afterloads) is concentric. The myocardial wall
thickness increases due to the addition of new
myofibrils in parallel while the left ventricular
chamber radius either does not change or
actually decreases.

< Hypertrophy secondary to chronic volume
loads (preload) is eccentric, the result of laying
down of new myofibrils in series, the elonga-
tion of myofibrils and chamber enlargement
disproportionate to the increase in wall
thickness. LVH more often is eccentric than
concentric.
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= Asymmetrical hypertrophy is less common
with disproportionate septal thickening with-
out left ventricular outflow obstruction and is
generally due to aging or ventricular remodel-
ing following a myocardial infarction.?

Consequences of left ventricular hypertrophy
include congestive heart failure and impaired
coronary vasodilator reserve.

The prevalence of congestive heart failure
(CHF) on the initiation of ESRD is 31%. 25% of
patients without CHF subsequently develop
heart failure at a rate of 7% per year. The
median survival of subjects with CHF is 36
months compared to 62 months in subjects
without CHE #

Medications

M edications are used to help relieve and
control symptoms in the renal patient.
Seven classes of antihypertensive medications
available to the physician or nurse practitioner
will be reviewed in this program.

1. Angiotensin-Converting Enzyme (ACE)
Inhibitors (e.g. Captopril, Enalapril,
Benazepril)

» decrease blood pressure by interfering with
the Renin-Angiotensin-Aldosterone system
by blocking the conversion of Angiotensin |,
a mild vasoconstrictor, to Angiotensin 11, a
potent vasoconstrictor

« decrease sodium and water retention and
peripheral resistance.

« increase plasma volume, cardiac output and
renal flow

« cause hyperkalemia

« vasodilate the efferent arterioles resulting in
reduced glomerular filtration

« are particularly useful in diabetics with
mild to moderate renal failure.

2. Angiotensin Receptor Blockers (ARBs) (e.g.
Avapro, Diovan HCT™)

< block the vasoconstrictor and aldosterone
secreting effects of Angiotensin Il by selec-
tively binding to the AT1 Angiotensin I
receptor

= do not inhibit ACE or renin or affect other
hormone receptors or ion channels known
to be involved in the cardiovascular regula-
tion of blood pressure and sodium home-
ostasis.

. Vasodilators (e.g. Diazoxide, Hydralazine,

Minoxidil, Nitroprusside)
< relax smooth muscles and therefore
decrease systemic vascular resistance

< usually used in conjunction with another
antihypertensive medication.

= minoxidil level is drastically reduced by
hemodialysis

. Calcium Channel Blockers (e.g. Diltiazem,

Isradipine, Nifedipine Verapamil)

< inhibit movement of calcium across vascu-
lar smooth cells which leads to coronary
and peripheral vasodilation and decreased
systemic vascular resistance

* may cause hypotension, peripheral edema
and bradycardia.

» contraindicated with Beta Blockers

. Alpha Adrenergic Blockers (e.g. Catapres,

Minipres)

= stimulate alpha-2 adrenergic receptors
centrally and inhibit the central vasomotor
centers, decreasing sympathetic outflow to
the heart, kidneys and peripheral vascula-
ture which results in decreased peripheral
vascular resistance, blood pressure and
decreased heart rate

< monitor patient for orthostatic hypotension.

. Beta Adrenergic Blockers (e.g. Propranolol,

Acebutolol,Atenolol, Metoprolol, Labetalol)

« block the sympathetic stimulation of Beta-1
receptors in the heart and Beta-2 receptors
in the bronchi, peripheral blood vessels and
pancreas

= may cause sedation, bradycardia and
hypotension.

= contraindicated with COPD, asthma,
depression, calcium channel blockers
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7. Cardiotonics (e.g. Digoxin, Digitoxin)

« increase cardiac contractility and decrease

Venous pressure

= stroke volume is also increased with a pro-

longed velocity

* may be used to manage congestive heart
failure

Maximum Sodium Programmed
Elapsed time of dialysis (Hours: Minutes)

Exponential Program

Baseline

Linear Program

Baseline

Step Program

Baseline

Figure 8: Sodium Variation Profiles

« apical heart rate should be monitored and
if heart rate is too low medication should
be held

« patients should also be monitored for toxic
levels as these are non-dialyzable drugs.

Dialysis Prescription

he dialysis prescription encompasses a

wide variety of parameters. The physician
or nurse practitioner will determine the
patient’s length of treatment, dialysate, dialysate
temperature, needle size, dialyzer size, heparin
dose, sodium modeling, ultrafiltration profiling
and any additional medications. Prescription
choices are made to complement or enhance
fluid removal, based on the overall complexity
of the patient’s condition.

The sodium-modeling feature on any dialysis
machine allows a variety of choices including
exponential, linear and step (Figure 8).

Please note, sodium-modeling requires an order
from the physician or nurse practitioner

= Exponential profile — the dialysate sodium will
rise to the peak sodium level and then
decrease over the program time in a smooth
curved line.

« Linear profile — the dialysate sodium level will
rise to the peak program level and from this
point, the dialysate sodium will decrease
linearly toward the baseline sodium level.

« Step profile — the dialysate sodium wiill rise to
the peak sodium level and remain at this level
for the duration of the program time.When
the program time has elapsed, the dialysate
sodium will be reduced to the baseline
sodium level.

The physician or nurse practitioner will pre-
scribe a dialyzer size and brand by comparing
the needs of each patient with the individual
characteristics of each dialyzer. Priming vol-
ume, biocompatibility, cost and the ability to
remove small, mid and large molecules factor
into the choice.

The proper choice of dialysate solution is essen-
tial to the dialysis treatment. The movement of
potassium, sodium, chloride and magnesium
across the membrane can help restore the
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blood plasma levels to normal ranges. The use
of bicarbonate dialysate (over acetate — a
vasodilator) reduces the episodes of nausea,
vomiting, hypotension and other unfavorable
side effects of the treatment. Heparin is used to
maintain an anticoagulatory response in the
blood stream during the dialysis treatment, pre-
venting clotting of the extracorporeal system.

During dialysis, excess plasma-water and uremic

toxins are removed via the mechanisms of diffu-

sion, osmosis and ultrafiltration.

« Diffusion is the movement of solutes through
a semipermeable membrane from an area of
greater concentration to an area of lesser
concentration.®

= Osmosis is the movement of a solvent (liquid)
through a semi-permeable membrane from an
area of lower concentration to an area of
higher concentration of the solute.**

« Ultrafiltration is defined as the removal of a
solvent (fluid), and can be the result of a pres-
sure gradient or an osmotic gradient.*

The ultrafiltration rate is determined by dividing
the amount of fluid to be removed by the
length of the dialysis treatment. In most cases
the ultrafiltration rate is constant throughout
the treatment. However, with UF profiling, the
clinician can design a fluid removal pattern that
may be more optimal for a particular patient.
Most methods attempt to increase the UF rate
when the patient is most apt to be able to refill
quickly. Some UF profiles are designed to allow
periods of high ultrafiltration rate followed with
periods of low ultrafiltration.

The ability to match the appropriate ultrafiltra-
tion profile to the rest of the dialysis prescrip-
tion (i.e. sodium variation) is necessary to
optimize fluid removal without morbid events.
Prior to the availability of the Hematocrit-Based
Blood Volume Monitoring (BVM) the ability to
measure variation in plasma refill rate was diffi-
cult at best. Now by incorporating this new
monitoring technique, a custom UF profile can
be followed based upon the patient’s actual
refilling rate during each individual treatment.
For this reason, the use of UF profiling with
Hematocrit-Based BVM is not recommended.

Following are two examples on how ultrafiltra-
tion (UF) profiling may be ordered.

The first case represents a diabetic patient who
appears to have difficulty shifting fluids into the
intravascular space, resulting in morbidity near
the end of the treatment. A profile that removes
more fluid at the beginning of the treatment
and a rest period near the end of treatment may
alleviate the morbidity.

The second case is a patient with ventricular
hypertrophy, cardiomyopathy or congestive
heart failure. This patient may respond well to
periods of higher ultrafiltration rates alternating
with rest (refill) periods (Figure 10). Please
note that the UF profile is ordered by the physi-
cian or nurse practitioner.

NOTE: UF profiling is NOT recommended with
Hematocrit-Based BVM.
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Figure 9: UF Program (Designed to alternate UF-rate with high and low periods
for initial 70% of treatment)
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Figure 10: UF Program (Designed to alternate UF-rate with high and low periods
for final 60% of treatment)
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CRIT-LINE 1™ Monitor

Non-Invasively Determines Absolute
Hematocrit and Calculates Blood
Volume Change

he dialysis process removes fluid directly

from the intravascular space. (Figure 11).
This space is then refilled with fluid from the
extracellular space (the tissue). Before the
development of the CRIT-LINE Il monitor, there
was no way to measure a patient’s plasma refill
rate (the rate the body shifts fluid from the
extracellular space into the blood) against the
the ultrafiltration rate of dialysis.

INTRA-
CELLULAR
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SPACE | cELLULAR/|  BLOOD
SPACE VOLUME
7
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VASCULAR /4 %
SPACE T0XNS 2
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Figure 11: Three Compartment Model (Fluid Dynamics of the Body)
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Figure 12: Hematocrit and Blood Volume Relationship
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The CRIT-LINE Il monitor provides a non-inva-
sive “window” into the patient’s vascular com-
partment that allows the clinician to determine
how the plasma refill rate is responding in
relation to the dialysis prescription, the patient’s
co-morbid conditions (i.e. diabetes, cardiac
disease), medications and disease process.

The CRIT-LINE 11l monitor allows determination
of the refill rate during dialysis by directly mea-
suring the change in blood volume in the
intravascular space. If dialysis progresses faster
than the body’s ability to refill (i.e., the ultra-fil-
tration rate is greater than the plasma refilling
rate), the reduced volume of the intravascular
space will be displayed on the CRIT-LINE 11 as
a reduction in blood volume.

The test tube in Figure 12 represents the blood
volume in the intravascular compartment bro-
ken down into its two major components: red
cell volume and plasma volume. Total blood vol-
ume (BV) is the sum of these two.

The fundamental parameter measured by the
CRIT-LINE Il monitor is the patient’s absolute
hematocrit (Hct). Hematocrit is defined as the
ratio of the red cell volume to the total blood
volume and is used as a basic vascular marker.

The mathematical formula used to determine
percent Hematocrit-Based Blood Volume
change is:

ABV U = [HCT starting

-1 x 100
HCT current

Because red blood cells are too large to pass
through the dialyzer, the red blood cell mass
remains constant during dialysis. A rise in hema-
tocrit during dialysis represents a reduction in
plasma volume since hematocrit and blood vol-
ume have an inverse relationship, as illustrated
by the profiles shown in Figure 13 (next page).
The upper profile illustrates the change in
hematocrit during a dialysis session. The BV
profile shown below indicates the correspond-
ing change that occurs in the blood volume of
the patient.
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