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Abstract

Pregnancy involves remarkable orchestration of physiologic changes. The kidneys are central

players in the evolving hormonal milieu of pregnancy, responding and contributing to the changes

in the environment for the pregnant woman and fetus. The functional impact of pregnancy on

kidney physiology is widespread, involving practically all aspects of kidney function. The

glomerular filtration rate increases 50% with subsequent decrease in serum creatinine, urea, and

uric acid values. The threshold for thirst and antidiuretic hormone secretion are depressed,

resulting in lower osmolality and serum sodium levels. Blood pressure drops approximately 10

mmHg by the second trimester despite a gain in intravascular volume of 30% to 50%. The drop in

systemic vascular resistance is multifactorial, attributed in part to insensitivity to vasoactive

hormones, and leads to activation of the renin-aldosterone-angiostensin system. A rise in serum

aldosterone results in a net gain of approximately 1000 mg of sodium. A parallel rise in

progesterone protects the pregnant woman from hypokalemia. The kidneys increase in length and

volume, and physiologic hydronephrosis occurs in up to 80% of women. This review will provide

an understanding of these important changes in kidney physiology during pregnancy, which is

fundamental in caring for the pregnant patient.
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Introduction

Pregnancy affects essentially all aspects of kidney physiology. The orchestration of changes

that occur is a physiologic feat. Kidney and systemic hemodynamics are marked by

significant volume expansion and vasodilation. Glomerular filtration rate (GFR) increases

50% and renal plasma flow (RPF) increases up to 80% as compared with nonpregnant

levels.1 Tubular function and handling of water and electrolytes are altered, leading to mild

increases in proteinuria, glucosuria, lower serum osmolality, and reductions in serum

sodium levels. The kidneys are larger during pregnancy because of fluid retention, and

physiologic hydronephrosis is common. Typical laboratory changes are depicted in Table 1.
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This article will review important changes in kidney physiology during pregnancy, the

understanding of which is fundamental in caring for the pregnant patient.

Anatomic Changes

Anatomic changes during pregnancy have long been appreciated.2,3 Hydronephrosis during

pregnancy occurs in 43% to 100% pregnant women, and it is more prevalent with advancing

trimester.4 Serial quantitative measurements by ultrasonography demonstrate that the

maximal incidence of hydronephrosis is reached at 28 weeks, with a 63% overall incidence

of hydronephrosis.5 The dilated collecting system can hold 200 to 300mL of urine, leading

to urinary stasis and a 40% increased risk for pyelonephritis in pregnant women with

asymptomatic bacteriuria versus nonpregnant women.3

The length of the kidneys also increases by 1 to 1.5 cm during pregnancy and decreases in

size over a period of 6 months postpartum.6 Although this growth was initially attributed to

hydronephrosis, Christensen and colleagues were able to demonstrate growth in kidney

volume in 24 healthy women without evidence of pelviectasis using computerized

ultrasonography,7 Although ultrasound remains the imaging modality of choice for

evaluation of hydronephrosis in pregnancy, various magnetic resonance techniques can be

used when ultrasound is non-diagnostic and can determine the level of obstruction and

whether it is intrinsic or extrinsic in nature.7,8 Overall, the volume of kidneys during

pregnancy increases up to 30%.9 The growth is attributed to increased kidney vascular and

interstitial volume rather than any changes in the number of nephrons.10,11

The kidney pelvis and calyceal systems dilate under mechanical compressive forces on the

ureters and possibly because of the effects of progesterone. Progesterone can reduce ureteral

tone, peristalsis, and contraction pressure. However, the strongest etiologic evidence for

hydronephrosis is for mechanical compression of the ureters themselves.12 There is a right-

sided preponderance of hydronephrosis in up to 86% of pregnant women.13 This is

attributed to the right ureter crossing the iliac and ovarian vessels at an angle before entering

the pelvis, whereas the left ureter travels at less acute an angle and travels in parallel with

the ovarian vein. This asymmetry could not be explained by a hormonal effect. Studies have

shown administration of progesterone in nonpregnant women fails to cause hydronephrosis,

and there is no correlation between progesterone or estrogen levels and severity of calyceal

dilatation.12,14 In women with pelvic kidney or ureteral diversion where the ureter enters the

conduit above the pelvic brim hydronephrosis is not observed. The greater incidence of

hydronephrosis in primigravidas also supports the hypothesis that mechanical compression

underlies hydronephrosis in pregnancy. Magnetic resonance imaging allows for

characterization of the ureter compressed between the iliopsoas and gravid uterus at the level

of the sacral promontory.15,16

Changes in Kidney Hemodynamics

Pregnancy is a state of volume expansion and vasodilation, which occurs in association with

careful coordination of several hormones (Fig 1). One of the earliest changes observed in

pregnancy is a decrease in blood pressure, approximately 10 mmHg by the second trimester,

with mean values of 105/60 mmHg. There are probably various causes, including alterations
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in the renin-angiotensin-aldosterone system (RAAS) and other hormonal fluctuations.

Maternal hormones may influence hemodynamic changes in pregnancy. Mean arterial

pressure is decreased in the midluteal phase of menstruation compared with the

midfollicular phase in association with a decrease in vascular resistance and rise in cardiac

output.17 Progesterone can produce an increase in RPF and GFR, but it cannot account for

the magnitude of increase seen in pregnancy. Relaxin is a vasodilating hormone produced by

the corpus luteum, decidua, and placenta. It is implicated in the kidney physiology of

pregnancy in rodents via upregulation of vascular gelatinase activity, which acts through the

endothelial endothelin B receptor-nitric oxide pathway.18 Ogueh and colleagues showed a

steady rise in relaxin throughout pregnancy with a decrease postpartum. However, clinical

correlations between relaxin levels and hemodynamic parameters, at least in late gestation

and postpartum, have not been demonstrated.19,20

Normal pregnancy is marked by an upregulation of RAAS. Renin is released from extrarenal

sources, specifically the ovaries and decidua. The placenta produces estrogen, which

increases angiotensinogen synthesis by the liver, leading to increased angiotensin II (ANG

II). Despite this, systolic blood pressure is known to decrease during pregnancy, likely

because of several factors. Refractoriness to ANG II occurs during pregnancy and may

explain the vasodilated state.21,22 This insensitivity may be explained by the presence of

other substances such as progesterone and vascular endothelial growth factor mediated

prostacyclins and/or the monomeric state of angiotensin 1 (AT1) receptors.23 Dysregulation

of RAAS occurs in preeclampsia with return of ANG II sensitivity, less aldosterone,

heterodimeric AT1 receptors and the presence of autoantibodies to AT1 (AT1-AA). In

normal pregnancy, aldosterone levels rise at gestational week 8 and continue to increase 3-

to 6-fold the upper limit of normal (80-100 ng/dL) in the third trimester. The result is a net

gain of 1.1 to 1.6L and a 30% to 50% increase in blood volume compared with nonpregnant

women.

Changes in GFR

One of the earliest kidney changes is the impressive rise in GFR. In an elegant study of 11

healthy women, Davison and Noble documented serial measurements of creatinine clearance

using 24-hour urine collections during the menstrual cycle through conception and up to 16

weeks of gestation. They demonstrated that creatinine clearance increases during the luteal

phase of the normal menstrual cycle and that increases in GFR during pregnancy occurred as

a continuation of these changes. Of the 9 successful pregnancies in this study, creatinine

clearance increased 20% at 4 weeks post-menses, 25% as early as gestational week 4, and

45% by gestational week 9. In the 2 women with spontaneous, uncomplicated abortions,

GFR did not rise as much and it was not sustained. These changes remarkably occurred 3

weeks before the abortion was clinically evident.24 Chapman and colleagues documented

early rises in GFR and kidney blood flow by inulin and paminohippurate clearances in

association with systemic and kidney vasodilation in a series of 10 pregnant women.25 A

series of studies suggests an overall progressive increase in GFR approximating 40% to 50%

with peak increases sustained at term in uncomplicated pregnancies.26,27 Hyperfiltration has

been shown to continue at levels 20% above normal at postpartum week 228 and resolve by

1 month postpartum.27
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Measurement of GFR

The ability to estimate GFR is critical in the care of the pregnant patient. Accurate

estimation of GFR remains an active area of research in pregnancy, as in general

nephrology. The Modification or Diet in Renal Disease (MDRD) equation underestimates

GFR in pregnant women with and without preeclampsia, consistent with its known tendency

to underestimate when GFR is greater than 60 mL/minute.29,30 The CKD Epidemiology

Collaboration equation appears to underestimate GFR to a similar degree as the MDRD

equation in a study comparing both equations to 24-hour urine collections in preeclamptic

patients.31 In a retrospective study, MDRD and cystatin-C-based equations result in mean

GFR greater than 120 mL/minute, but cystatin C produced higher first and second trimester

GFRs followed by a fall in GFR in the third trimester despite evidence from early studies

that GFR increases steadily until term. Although the MDRD equation showed a fall in GFR

postpartum, the cystatin C equation showed that GFR rose postpartum.32 Recently, no

correlation was found in a prospective study comparing cystatin-C-based GFR calculations

to inulin clearances at 3 time points in 12 pregnant patients.33 Thus, 24-hour urine collection

for calculation of creatinine clearance remains the preferred standard for estimating GFR in

pregnant women.

Mechanisms of Increased GFR

During pregnancy, the GFR increases 50% compared with prepregnancy levels. The precise

mechanisms behind this increase are incompletely understood. It is helpful to remember the

expression of GFR and appreciate the components that vary during pregnancy.

where the net hydraulic pressure in the glomerulus is (ΔP) and oncotic pressure at the

glomerulus is (πGC). Transcapillary hydraulic pressure cannot be directly measured in

humans, but it can be measured in animal models using micropuncture techniques. πGC is

the mean of the afferent oncotic pressure (πA) and the efferent oncotic pressure (πE). πE is

an expression of the oncotic pressure entering the afferent arteriole, divided by 1 minus the

filtration fraction (FF), the portion of plasma filtered along the glomerulus:

FF is an expression of the GFR divided by the RPF:

The glomerular ultrafiltration coefficient, Kf, is the product of the surface area available for

filtration and the hydraulic permeability (k) such that permeability is the ability to

ultrafiltrate across the 3 layers of the glomerulus. Estimates for permeability are derived

from autopsy samples and modeling.
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In pregnancy, oncotic pressure is substantially decreased because of expansion of the plasma

volume, thus contributing to a rise in GFR. There may also be modest changes to Kf due to

changes in the surface area for filtration and the hydraulic permeability.34 There is still no

consensus as to whether ΔP increases in human pregnancy. In early studies on the 12-day

pregnant rat, Baylis found no change in the hydrostatic or oncotic pressure and attributed

rise in GFR to increases in RPF.35 A study by Roberts and colleagues showed that

glomerular size selectivity appeared to be altered in pregnant women and oncotic pressure

was decreased, but they were not able to find evidence of increased ΔP.36 They concluded

that much of the increased GFR is due to increases in RPF. This logic would not explain

continued elevation GFR later in gestation whereas RPF falls consistently toward term (Fig

2). In a human postpartum study, an analysis of the glomerular filtration dynamics suggested

that sustained increase in GFR postpartum is due to either a rise in ΔP up to 16%, an

approximate 50% increase in Kf, or a combination of smaller increments of ΔP and Kf.28

Odutayo and Hlaudunewich reason that given that estimated changes in Kf and measured

changes in πGC are modest, it is difficult to exclude the possibility that ΔP does change.37

Changes in Tubular Function

During pregnancy there are alterations in tubular handling of wastes and nutrients. Uric acid

excretion increases due to the increases in GFR, decreases in proximal tubular reabsorption,

or a combination of both. Serum uric acid levels fall in early pregnancy, reaching a nadir of

2 to 3.0 mg/dL by 22 to 24 weeks, followed by gradual rise to normal by term. The

increased clearance is thought to be necessary to handle the increased production from

placenta and fetus.

Glucose is freely filtered at the glomerulus and almost completely reabsorbed in the

proximal tubule, with a small amount reabsorbed in the collecting tubule. Glucosuria

typically indicates that the filtered load of glucose has exceeded the maximal tubular

reabsorptive capacity. In pregnancy, there is less effective reabsorption of glucose and

variability in glucose excretion. Older studies proposed that increased GFR and thus

increased filtered load of glucose overwhelmed the capacity of the proximal tubule to

reabsorb glucose, thus leading to glucosuria with normoglycemia or a physiologic

glucosuria. In a study of 29 pregnant women, glucose infusion with concomitant

measurements of glucose excretion and inulin clearance demonstrated that regardless of

presence of glucosuria, pregnant women had reduced glucose reabsorption. Women who had

no glucosuria returned to an efficient state of reabsorption 8 to 12 weeks postpartum;

however, women with varying degrees of glucosuria during pregnancy continued to have

some degree of impaired capacity to reabsorb although they were no longer glucosuric.38

Distal nephron reabsorption may also be less effective in pregnancy.39 Similar to uric acid

and glucose handling, there is a decreased fractional reabsorption of amino acids and β-

microglobulin, resulting in increased excretion of these substances.

In normal pregnancy there is an increase in total urinary protein and albumin excretion,

especially notable after 20 weeks. The protein content in urine is mostly Tamm-Horsfall,

with a small amount of albumin and other circulating proteins. The rise in proteinuria during

pregnancy is often attributed to the rise in GFR, although the timing does not fall within the
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peak increase in GFR. There is evidence that the amount of albuminuria increases in late

pregnancy, albeit with levels that do not exceed the upper limit of normal.40 Circulating

soluble antiangiogenic factors, which are found at unusually high levels in preeclampsia and

disrupt the slit diaphragm, are also increased late in normal pregnancy and may explain late-

term elevations in proteinuria.41 Another potential factor includes selective alterations in

glomerular charge or the presence of other protein material, which is seen in the third

trimester.42-44

Abnormal proteinuria in pregnant women is defined as protein levels of 300 mg/24 hours or

more, which is twice the normal limit in nonpregnant women.45,46 This value was derived

from a relatively small sample, and further studies have shown that mean levels of protein

excretion generally do not exceed 200 mg/24 hours.47-49 Although the use of urine protein/

creatinine for quantification of proteinuria in nonpregnant patients has become more routine

and can be used to screen for presence or absence of proteinuria, the 24-hour urine

collection is still the gold standard for quantification of pregnant proteinuria patients.

Unfortunately, a substantial percentage of timed urine collections in pregnant women are

incomplete because of errors in timing and retention because the dilated systems can contain

large volumes.50

Kidney Handling of Water and Electrolytes

The threshold for stimulating the osmoreceptors for antidiuretic hormone (ADH) and thirst

are lowered during pregnancy. Plasma osmolality approximates 270 mOsm/kg, and serum

sodium levels decrease an average of 4 to 5 mEq/L. This change may be mediated by

increased β-human chorionic gonadotropin, a pattern also seen to a lesser degree in

menstruating women during the luteal cycle.51 It is hypothesized that the drop in serum

sodium is related to the occurrence of vasodilation, arterial underfilling, and subsequent

ADH release.52 Relaxin may play a role here because it has been shown to cause ADH

secretion and water drinking in animal studies, and levels are increased during human

pregnancy.53,54 Mild hyponatremia occurs at the same time there is a rise in aldosterone and

its antinatriuretic forces. Deoxycorticosterone also promotes sodium retention and

upregulation of sodium pumps across various membranes. These forces are balanced by the

natriuretic forces of an increased GFR and increases in atrial natriuretic peptide and

progesterone levels. Although the total sodium gain during pregnancy is estimated to be 900

to 1000 mEq, as mentioned in the Clinical Summary, the net balance between these factors

is a preferential retention of water over salt and lower osmolality. Total body potassium

stores increase by approximately 320 mEq by the end of gestation. This occurs despite the

sodium retention from aldosterone because of the antikaliuretic effects of progesterone.

Potassium excretion is held constant throughout pregnancy, with changes in tubular

reabsorption adapting to alterations in filtered load. In an early study by Brown and

colleagues, progesterone was not found to be involved in the acute regulation of potassium

or sodium excretion.55

It is interesting to note that the metabolic clearance of ADH increases at week 10 and

through midpregnancy because of an enzyme produced by the placenta, vasopressinase.

Peak enzyme activity is during the third trimester, remaining high during labor and delivery
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and then falling to undetectable levels at 2 to 4 weeks postpartum. However, plasma ADH

concentrations are usually kept normal in pregnancy because of increased secretion. A few

women develop polyuria due to transient diabetes insipidus (DI), manifested by polydipsia,

polyuria, high-normal serum sodium, and inappropriately low urine osmolality. These

women may have more vasopressinase activity than women without DI. It can be managed

with desmopressin (DDAVP), which is resistant to degradation by vasopressinase.52

Although frequent urination is often reported in pregnant women, true polyuria (>3 L/day) is

rare.

Summary

The kidneys face remarkable demands during pregnancy, and it is critical that the practicing

nephrologist understands the normal kidney adaptations to pregnancy. GFR rises early to a

peak of 40% to 50% that of prepregnancy levels, resulting in lower levels of serum

creatinine, urea, and uric acid. There is a net gain of sodium and potassium, but a greater

retention of water, with gains of up to 1.6 L. Through effects of progesterone and alterations

in RAAS, the systemic vascular resistance falls, leading to lower blood pressure and an

increased RPF. The precise orchestration of hemodynamic changes and balance of fluids and

electrolytes are essential to the development and maintenance of a successful pregnancy for

mother and child.
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CLINICAL SUMMARY

• Glomerular filtration rate increases 40% to 50% in normal pregnancy.

• Creatinine clearance by 24-hour urine collection is the current standard for

measurement of glomerular filtration rate in pregnant women.

• Pregnancy is a vasodilated state mediated by alterations in sensitivity to

angiotensin II and elevated levels of progesterone.

• Pregnancy is a volume-expanded state characterized by net sodium retention of

900 to 1000 mEq and 1.1 to 1.6 L water mediated by a balance between

natriuretic and antinatriuretic forces.
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Figure 1.
Hormonal variation throughout pregnancy and early postpartum. Mean data are of plasma

human chorionic gonadotropin, estradiol, progesterone, and relaxin levels, before, during,

and 6 weeks after pregnancy. Adapted from Ogueh and his colleagues.19
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Figure 2.
Percentage change from baseline of GFR and RPF throughout pregnancy and postpartum.

Mean values are measured by inulin or isothalamate and p-aminohippurate clearance for

GFR and RPF, respectively, as synthesized by Odutayo and Hladunewich.37
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Table 1

Typical laboratory values during pregnancy

Variable Average Values in Pregnancy

Plasma osmolality 270 mOsm/kg

Serum sodium 135 mEq/L

Serum potassium 3.8 mEq/L

Serum bicarbonate 18-20 mEq/L

Serum creatinine 0.5 mg/dL

Blood urea nitrogen 9.0 mg/dL

Uric acid 2-3 mg/dL
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