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ABSTRACT

Despite significant improvements in inpatient and outpatient
management, pregnancy-related acute kidney injury (Pr-AKI)
remains an important risk factor for early and late maternal
and fetal morbidity and mortality. There is a discrepancy be-
tween the incidence of Pr-AKl in developing and in developed
countries, with the former experiencing a decrease and the
latter an increase in Pr-AKl in recent decades. Whereas septic
and hemorrhagic complications predominated in the past,
nowadays hypertensive disorders and thrombotic microangi-
opathy are the leading causes of Pr-AKI. Modern lifestyles and
the availability and widespread use of in-vitro fertilization
techniques in industrialized countries have allowed more
women of advanced age to become pregnant. This has led to
a rise in the percentage of high-risk pregnancies due to the
disorders and comorbidities inherent to or accompanying
aging, such as diabetes, arterial hypertension and preexisting
chronic kidney disease. Last but not least, the heterogeneity
of symptoms, the often overlapping clinical and laboratory
characteristics and the pathophysiological changes related to
pregnancy make the diagnosis and management of Pr-AKl a
difficult and challenging task for the treating physician. In ad-
dition to general supportive management strategies such as
volume substitution, blood pressure control, prevention of
seizures or immediate delivery, each disease entity requires a
specific therapy to reduce maternal and fetal complications.
In this review, we used the current literature to provide a sum-
mary of the physiologic and pathophysiologic changes in re-
nal physiology which occur during pregnancy. In the second
part, we present common and rare disorders which lead to
Pr-AKI and provide an overview of the available treatment op-
tions.
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ZUSAMMENFASSUNG

Die schwangerschaftsassoziierte akute Nierenschddigung (Pr-
AKI) stellt trotz deutlich verbesserter ambulanter und statio-
narer Versorgungsmoglichkeiten noch immer ein hohes Risiko
fur Frith- und Spatkomplikationen sowohl fiir die werdende
Mutter als auch fiir das Ungeborene dar. Erfreulicherweise
konnte vor allem in den Entwicklungsldndern ein deutlicher
Riickgang der Inzidenz des Pr-AKl innerhalb der letzten Jahr-
zehnte verzeichnet werden, wohingegen sich in den Industrie-
nationen anhand retrospektiver Daten leider ein Anstieg der
Pr-AKI-Félle zeigt. Wahrend frither haufig septische Aborte,
die Puerperalsepsis oder schwangerschaftsassoziierte Blutun-
gen ein Pr-AKI verursachten, sind heute hypertensive Erkran-
kungen wie z.B. die Praeklampsie und thrombotische Mikro-
angiopathien fiihrend in der Genese des Pr-AKI. Griinde hier-
fir sind zum einen die mit dem fortgeschrittenen mitterli-
chen Alter verbundene Zunahme der Risikofaktoren wie Blut-
hochdruck, Diabetes oder chronische Nierenerkrankungen
und zum anderen die mit Reproduktionstechnologien verbun-
denen Mehrlingsschwangerschaften. Nicht zuletzt wegen der

Heterogenitdt der Symptome, der teils (iberlappenden kli-
nischen und laborchemischen Merkmale und der pathophy-
siologisch bedingten Veranderungen wdhrend der Schwan-
gerschaft stellt das Pr-AKl den behandelnden Arzt vor eine
Reihe komplexer Herausforderungen bez. weiterer Diagnostik
und Behandlungsstrategien. Neben allgemeinen MaRnah-
men, wie der Ursachenforschung, der intravenésen Fliissig-
keitstherapie und - falls erforderlich - der sofortigen Entbin-
dung des Fetus, erfordert ein jedes Krankheitsbild eine spezi-
fische Behandlung zur Senkung der Komplikationsrate sowohl
fiir die Mutter als auch fiir das Ungeborene. In der vorliegen-
den Ubersicht konzentrieren wir uns zunichst — unter Ver-
wendung der aktuellsten Literatur — auf die zugrunde liegen-
den pathophysiologischen Verdnderungen der Nierenphysio-
logie wahrend der Schwangerschaft. Im 2. Teil werden sowohl
haufige als auch seltene Entitdten, die zu einer akuten Nieren-
schadigung in diesem speziellen Patientenkollektiv fiihren,
beleuchtet und ein Uberblick iiber therapeutische Méglichkei-
ten gegeben.

Introduction

Pregnancy-related acute kidney injury (Pr-AKI) encompasses nu-
merous clusters of symptoms with very different causes which
can significantly increase the risk of fetal or maternal complica-
tions both during pregnancy and post partum [1,2]. Because of
the pathophysiological changes occurring in pregnancy, the het-
erogeneity of symptoms and the sometimes overlapping clinical
and laboratory characteristics, the diagnosis and management of
Pr-AKl is a complex challenge for the treating physician. In addi-
tion to hyperemesis gravidarum, the most common causes of
PR-AKI include pregnancy-related bleeding and septic complica-
tions. However, AKI can also develop from less common preg-
nancy-related causes (e.g., HELLP syndrome, thrombotic micro-
angiopathies, lupus nephritis, antiphospholipid syndrome) or
have a non-pregnancy-related etiology (e.g., medication, glomer-
ulonephritis, genetic factors). Despite significant improvements
in outpatient and inpatient care, retrospective data from Canada
and the USA have shown a renewed increase in the incidence of
Pr-AKI (from 1.7 to 2.7 and from 2.4 to 6.6 per 10000 deliveries,
respectively) in the last two decades, accompanied by increased
maternal and fetal mortality rates, higher rates of renal failure re-
quiring dialysis and a higher use of resources [3-5].

This review starts by outlining the underlying pathophysiologi-
cal changes to renal physiology which occur during pregnancy. In
the second part, we present both common and rare disease enti-
ties which lead to acute kidney injury in this specific patient pop-
ulation and provide an overview of the treatment options.
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Pathophysiological Renal Changes
During Pregnancy

During pregnancy, the female organism undergoes numerous
changes which ensure fetal development and provide nutrition
to the growing fetus. Although this process of adaptation affects
all organ systems, the kidney plays a very central role (> Fig. 1)
[6].

Effects of relaxin, endothelin and nitric oxide

The most obvious change occurring in this context is the change
to the body’s water balance. It is triggered by placental produc-
tion of the hormone relaxin, which converts endothelin into its ac-
tive form and has a nitric oxide-mediated vasodilatory effect [7,
8]. Cardiac frequency and cardiac stroke volume increase during
pregnancy to mitigate against the dramatic drop in medium arte-
rial blood pressure [9].

This is followed by decreased renal resistance and subse-
quently by an increase in renal plasma flow of up to 80% as well
as an increase in the glomerular filtration rate (GFR) by up to
60%, meaning that pregnancy is characterized by glomerular hy-
perfiltration [10-13]. As both the afferent and the efferent arte-
rioles of the glomeruli are affected, the increased plasma flow
does not result in glomerular hypertension [9]. The increase in re-
nal plasma flow and GFR remains roughly linear until the 20th
week of gestation, after which the plasma flow decreases again
to pre-pregnancy levels [14]. But glomerular hyperfiltration per-
sists, due to the changes in transcapillary hydrostatic pressure
and glomerular surface and glomerular permeability [15, 16].
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» Fig. 1 Pathophysiological changes during pregnancy.

Effects of the renin-angiotensin-aldosterone system

Decreased renal resistance leads to activation of the arterial baro-
receptors, the renin-angiotensin-aldosterone system (RAAS) and
the sympathetic nervous system with subsequent release of ADH
(antidiuretic hormone, vasopressin) from the hypothalamus.

Although angiotensin is a strong vasoconstrictor and increased
plasma levels during pregnancy are detected, only a weak vaso-
constrictive effect occurs [17]. It is very likely that during preg-
nancy the expression patterns of angiotensin | und angiotensin Il
receptors shift towards increased expression of the more vasodil-
atory angiotensin Il receptors [18]. Following estrogen and pro-
gesterone stimulation, the RAAS adapts to preserve both renal va-
sodilation and glomerular filtration [19,20].

Fluid balance

The above-described mechanisms lead to the hypervolemia and
hypoosmolar volume changes typically occurring in pregnancy
[21]. Plasma volumes may increase by up to 60% and extracellular
volumes by up to 50%, which corresponds to an additional volume
of 6-8 |. Laboratory tests have shown concomitant dilution effects
on creatinine and urea levels and a related increase in the eGFR
(estimated glomerular filtration rate) [9, 22].

Aldosterone, which coordinates the increased absorption of
water and sodium in the distal convoluted tubules and collecting
ducts of the kidneys, plays a key role in this process [23].
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Hypoosmolality is additionally increased through modulation
of the thirst threshold and the release of ADH, which increases
water retention through regulation of the water channel aquapor-
in-2 in the renal collecting duct [24, 25]. This culminates in a drop
of the oncotic pressure of around 10 mOsmol/kg, as the number
of cellular blood components (including erythrocytes, hemoglo-
bin, hematocrit, thrombocytes) decreases [26]. This spreads to
the glomeruli, which then leads to an increase in the GFR [23].

Adaptation of tubular function and proteinuria

Additionally to the glomerular changes which occur during preg-
nancy, tubular function is also affected by pathophysiological
changes. In addition to increased excretion of bicarbonate and
calcium (in consequence of the respiratory alkalosis caused by hy-
perventilation) glycosuria occurs in 10% of all pregnant women
even though they may have standard blood sugar levels [10,27,
28]. Proteinuria increases to 200-300 mg/24 h in the 2nd half of
pregnancy due to the increased glomerular filtration rate and the
changes in tubular reabsorption [29,30].

Changes in renal anatomy during pregnancy

Another consequence of the increased renal plasma flow is re-
flected in the renal anatomy. Its size increases by 1-1.5 cm over
the course of pregnancy [31]. This is accompanied by dilation of
the ureters, the renal pelvis and calyces, mainly due to the influ-
ence of progesterone and expansion of the gravid uterus [10]. Be-
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cause the anatomical conditions (the ovarian artery and vein and
the uterine artery pass under the ureter and the common iliac ar-
teries and veins pass over the ureter) lead to compression of the
ureter, mild physiological bilateral hydronephrosis (more promi-
nent on the right side because the ureter crosses the ovarian vein
and the uterus rotates to the right while the left ureter is partly
protected by the sigmoid colon) is common in the advanced stage
of pregnancy [32,33].

Impact of pregnancy on electrolyte and
acid-base homeostasis

The changes in hormone levels, renal volumes and glomerular fil-
tration rate also require additional renal adjustment to deal with
changes in electrolytes, pH and renal tubular cell function [22].

Increased filtration and sodium excretion through glomerular
filtration is requlated by increased aldosterone expression and
the conversion of progesterone to deoxycorticosterone. The ef-
fect of both hormones on the mineralocorticoid receptor is to re-
duce sodium excretion and increase the kaliuretic response [25].
Other influencing factors include progesterone as an aldosterone
antagonist and atrial natriuretic peptide which increases sodium
excretion [34, 35]. Although body stores of sodium and potassium
rise during pregnancy, hypervolemia induces hyponatremia and
hypopotassemia [22].

Around 30 g of calcium are additionally required during fetal
development, most of which is provided through increased intes-
tinal absorption [36,37]. Placentally produced parathyroid hor-
mone-related peptides stimulate vitamin D activation (1, 25),
which in turn enables intestinal absorption [38]. Although the re-
duced albumin concentrations result in hypocalcemia, this does
not affect ionized calcium levels [39].

In contrast, there is a decrease in overall magnesium levels and
the percentage of ionized magnesium [40]. Glycosuria is observed
in some pregnant women, but it has no pathological impact. It oc-
curs despite the preservation of renal function and the absence of
diabetes mellitus [28,41,42]. Likewise, there is also an increase in
uric acid excretion, which leads to a decrease in uric acid concen-
trations until the 2nd trimester of pregnancy. Uric acid concentra-
tions increase again in the 3rd trimester of pregnancy because of
increased production by the growing fetus [43, 44].

During pregnancy, the acid-base balance tends to become
more alkaline. This is the result of progesterone-induced hyper-
ventilation which leads to respiratory alkalosis (decreased arterial
CO; concentrations). This leads to reduced renal bicarbonate re-
absorption and therefore to lower serum bicarbonate levels [45].

Differential Diagnostic Workup of Pr-AKI

The lack of a standard definition of Pr-AKI and the pregnancy-in-
duced pathophysiological changes (40-50% increase in GFR, re-
duced vascular resistance, increased cardiac output) create seri-
ous challenges for outpatient and clinical care. Prompt diagnosis
of Pr-AKl is difficult; moreover, normal renal retention parameters
may already be hiding severe loss of renal function [46,47].

The approach used to evaluate AKI in this patient cohort does
not differ from that used for other groups. In addition to typical
pregnancy-related renal disorders (e.g., preeclampsia, HELLP syn-
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drome, acute fatty liver of pregnancy, hyperemesis gravidarum,
embolisms, etc.), it is important to also be aware of non-preg-
nancy-related mechanisms of kidney injury (e.g., lupus nephritis,
interstitial nephritis, necrosis caused by drug-induced nephrotox-
icity, sepsis, surgical interventions, etc.) (> Table 1).

To detect AKI early on and determine renal retention parame-
ters, which are usually unknown prior to pregnancy, laboratory
tests to measure kidney function parameters should be carried
out as soon as the pregnancy has been confirmed. Because values
may deviate by 40 ml/min/1.73 m? compared to insulin clearance
(gold standard), the MDRD formula (modification of diet in renal
disease) and eGFR (estimated GFR) should not be used to calcu-
late kidney function [48].

Serum creatinine concentrations are currently the only stan-
dard parameter which can be used to monitor renal function in
pregnant women. Based on a nonpregnant reference interval of
45-90 ymol/l (0.51-1.02 mg/dl), a serum creatinine of more than
77 umol/l (0.87 mg/dl) in pregnant women should already be con-
sidered pathological [48,49]. Similarly, the absence of a physio-
logical decrease in creatinine levels as the pregnancy advances
can suggest a serious kidney injury, necessitating a search for the
possible cause of AKI.

The timing when AKI occurs in pregnancy offers the first clues
to its etiology (» Fig.2). In addition to prerenal azotemia trig-
gered by hyperemesis gravidarum, the most common causes of
Pr-AKl in the Tst trimester of pregnancy are infectious complica-
tions (e.g., septic miscarriage). Postrenal kidney injury caused by
compression of the ureters by the expanding uterus or infectious
complications (e.g., urinary tract infection, pyelonephritis) occur
more commonly in the 2nd and 3rd trimesters. Renal events
which occur in late pregnancy are usually pregnancy-related. In
addition to preeclampsia, HELLP syndrome and acute fatty liver
of pregnancy, such events can include thrombotic microangiopa-
thies such as thrombotic thrombocytopenic purpura and hemo-
lytic uremic syndrome. They are caused by the increase in risk fac-
tors such as hypertension, diabetes or chronic renal disease due to
advanced maternal age as well as assisted reproductive technol-
ogy-related multiple pregnancy.

During the differential diagnostic workup of AKI, it is important
to be aware that both HELLP syndrome and thrombotic micro-
angiopathies can occur several weeks after giving birth.

Specific Causes of Pr-AKI

Lupus nephritis

Systemic lupus erythematosus (SLE) is a rare autoimmune disease
whereby various pathophysiological mechanisms lead to the pro-
duction of pathogenic autoantibodies and immune complex dis-
ease. It has numerous organ manifestations [50-52]. The peak
age at onset of disease is between 20 and 30 years of age, with
women affected almost 9 times more often than men.

Kidney involvement (lupus nephritis) is the most common and
in 25% of cases it is the first manifestation of SLE in solid organs
[53]. However, the first symptoms of renal injury often only ap-
pear late in its clinical course. Depending on the course of disease,
clinical or laboratory findings show either nephrotic syndrome
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(proteinuria of more than 3.5 g/day, hypoproteinemia, hypercho-
lesterolemia, edema) despite preserved excretory renal function
(normal GFR), nephritic syndrome with active urinary sediment
(persistent hematuria with increased numbers of dysmorphic
erythrocytes and possibly erythrocyte cylinders) usually accompa-
nied by decreased diuresis, a propensity to develop edema, and
hypertension, or the characteristics of thrombotic microangiop-
athy (anemia, thrombopenia, elevated LDH and free Hb, low hap-
toglobin levels).

Depending on the study, the histological findings on kidney bi-
opsy with response to therapy show progression to terminal kid-
ney failure within 15 years in up to 40% of cases, meaning that
early diagnosis to plan therapy and slow progression is essential
[54-56].

In addition to the above-listed symptoms, a first flare-up of SLE
during pregnancy significantly increases the risk of pregnancy-as-
sociated complications. In addition to the potential consequences
for the mother such as AKI, aggravation of lupus with multiorgan
involvement, thromboembolic events (TVT, LAE) or the develop-
ment of preeclampsia or HELLP syndrome, complications may also
include fetal complications such as preterm birth or miscarriage,
fetal growth restriction or the development of neonatal lupus
[57-60].

Pregnant women newly diagnosed with SLE or with known SLE
have high-risk pregnancies which require monitoring and care by
an interdisciplinary team of medical specialists for a period which
extends well after delivery of the baby, particularly if kidney in-
volvement has been confirmed.

As it is still not known to date whether pregnancy should be
considered as a possible risk factor which can trigger lupus or
whether pregnancy leads to exacerbation of lupus nephritis, it is
very difficult to predict the clinical course of SLE during pregnancy
[61]. In two clinical studies, low C3 complement levels prior to
pregnancy, known lupus nephritis, and lupus activity prior to
pregnancy were identified as possible independent predictive fac-
tors for SLE or lupus nephritis activity flares during pregnancy [62,
63]. It is therefore recommended that patients with known SLE or
lupus nephritis wait for at least 6 or 9 months from the last SLE or
nephritis activity and trying for a planned pregnancy [64].

Because of the similarities in the clinical and laboratory data of
lupus nephritis, preeclampsia and thrombotic microangiopathies,
diagnosing lupus nephritis activity during pregnancy is a chal-
lenge for the treating physician (» Table 2). Confirmation of C3
and/or C4 complement levels, increased or rising levels of anti-
double strand DNA (anti-dsDNA), anti-Smith (Anti-Sn) or SSA(Ro)
autoantibodies, active urinary sediment, a urinary protein-to-cre-
atinine ratio of more than 0.3 g/g or new onset of skin efflores-
cence may suggest the diagnosis [65-67]. It should be noted,
however, that confirmation of a drop in complement factor levels
may be disguised by pathophysiological increases during preg-
nancy [68].

In patients with known or newly confirmed SLE or lupus nephri-
tis, the determination of sFlt-1 (soluble fms-like tyrosine kinase-1)
concentrations or of the sFlt-1/PIGF (placental growth factor) ratio
in the 12th to the 15th week of gestation can be used to predict
complications [69]. In the prospective PROMISSE trial (Predictors
of pRegnancy Outcome: bioMarkers In antiphospholipid antibody

» Table 1 Pregnancy-related and non-pregnancy-related causes
of AKI.

Extrarenal (hemodynamic AKI)

Intravascular volume depletion (hypovolemia)
= hyperemesis gravidarum

= ovarian hyperstimulation syndrome

= diarrhea

= hemorrhage from peripartum bleeding, miscarriage or
surgical interventions

= diuretics
Reduced arterial blood pressure/reduced effective cardiac output
= infection-related
- pyelonephritis/urosepsis
- antepartum and postpartum infections
= acute and chronic cardiac insufficiency
Intrarenal
Glomerulonephritis
Interstitial nephritis
= infection-related
- pyelonephritis/urosepsis
- antepartum and postpartum infections
= ischemia-related (acute tubular necrosis/acute cortical necrosis)
- peripartum hemorrhage, miscarriage, surgical interventions
- placenta previa/placental abruption
- uterine rupture/uterine atony
Vascular nephropathy
= vasculitis
= HELLP syndrome
= thrombotic microangiopathies (TMA)
- thrombotic thrombocytopenic purpura (TTP)
- atypical hemolytic uremic syndrome (aHUS)
- disseminated intravascular coagulation (DIC)
= acute fatty liver of pregnancy (AFLP)
Lupus nephritis and/or antiphospholipid syndrome (APS)

Intrarenal vasoconstriction/disordered autoregulation
of renal blood flow

= ACE inhibitors, angiotensin Il receptor blockers
= nonsteroidal antirheumatics

= cyclosporine, tacrolimus

Pulmonary embolism, amniotic fluid embolism
With kidney transplants: acute rejection

Postrenal

hydronephrosis caused by uterine compression of
the ureter/bladder

nephrolithiasis

iatrogenic injury of the ureter, bladder, urethra during
cesarean section or vaginal delivery

spontaneous bladder or urethral injury during vaginal delivery
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1st trimester

2nd trimester

3rd trimester

Postpartum

Hyperemesis gravidarum

Clinical anomalies

» strong nausea and
persistent vomiting

» prerenal azotemia or
acute tubular necrosis

Preeclampsia/HELPP

Clinical anomalies

» arterial hypertension? and poss. proteinuria®
after week 20 of gestation

» headache, seizure, impaired vision,

abdominal pain

Treatment
» delivery of the infant
» magnesium (IV) as seizure prophylaxis

Treatment
» antiemetic therapy

» hemolytic anemia, thrombocytopenia,
elevated LDH, increased transaminase

» fluid replacement
) TTP|HUS|aHUS
» poss. dietary supplements

and vitamin replacement Clinical anomalies

Septic abortion

Clinical anomalies
» fever, abdominal pain with TTP than with aHUS

» prerenal azotemia, acute

» TTPis more common in the 2nd and 3rd trimesters,
aHUS is more common in the postpartum period

» hemolytic anemia, thrombocytopenia,
elevated LDH and bilirubin, schistocytes

» neurological symptoms are more common

Specific laboratory diagnostics

» TTP: ADAMTS-13 activity <10%

» aHUS: gene mutations in complement
regulatory proteins

Treatment

» TTP: plasmapheresis

» aHUS: plasmapheresis and eculizumab

tubular necrosis, renal injury
caused by intrarenal
inflammation

Acute fatty liver of pregnancy

Clinical anomalies
» nausea, vomiting, abdominal
pain

Treatment
» fluid replacement and

antibiotics » icterus, ascites

» increased transaminase,
thrombocytopenia, hypo-
glycemia, lactic acidosis

» poss. surgical intervention
» poss. catecholamines

Puerperal and post-miscarriage

Specific laboratory diagnostics infections

» testing for LCHAD gene
mutation (in the mother
and neonate)

» premature or preterm rupture
of membranes

» cesarean section, wound

Treatment hematoma, cervical cerclage

» delivery of the infant » miscarriage
» plasmapheresis, poss. liver » endometritis

transplant in severe cases

Lupus nephritis/antiphospholipid syndrome

Clinical anomalies

» dysmorphic erythrocytes (acanthocytes) in urinary sediment,
extrarenal lupus manifestations

» decreased complement factors

» anemia, thrombocytopenia, elevated LDH

Specific laboratory diagnostics
» double strand antibodies, anti-cardiolipin and
anti-p2 glycoprotein antibodies
Treatment
» lupus nephritis: steroids + hydroxychloroquine
+ azathioprine/tacrolimus
» antiphospholipid syndrome: aspirin + low-molecular-weight heparin

» renal biopsy only if the pathology would require a change in therapy

? RRyys 2 140 mmHg or RR;, 290 mmHg

sys

® > 300 mg protein in a 24-hour urine collection or a protein/creatinine ratio of at least 0.3

» Fig. 2 Typical times for the occurrence and symptoms of specific entities of Pr-AKI.

Syndrome and Systemic Lupus Erythematosus), Kim et al. were
able to show that both sFlt-1 concentrations and higher sFlt-1/
PIGF ratios were associated with many complications over the
course of the pregnancy (e.g., preeclampsia or fetal death after
the 12th week of gestation independent of chromosomal abnor-
malities, anatomical malformations or congenital infections).

Scoring systems such as SLEPDAI (Systemic Lupus Erythemato-
sus Pregnancy Disease Activity Index) should additionally be used
to estimate SLE activity, and blood and urinary parameters should
be regularly measured in every trimester of pregnancy [70].

The medication of women with known SLE planning to become
pregnant must be switched to teratogenic immunosuppressive
drugs such as mycophenolate mofetil (MMF), cyclophosphamide,

mTOR inhibitors (e.g., everolimus), rituximab (RTX) or methotrex-
ate (MTX) as soon as possible. Hydroxychloroquine is currently the
best alternative to maintain remission of SLE and lupus nephritis
because of its side-effects profile, lack of risks for fetal malforma-
tions or fetal or neonatal toxicity, the improvement in renal long-
term outcomes and the up to 50% reduction in congenital heart
block in infants born to anti-Ro-positive mothers, H [71-74]. Al-
ternative options are listed in » Table 3, but because individual-
ized SLE therapy is essential, these alternatives should only be
used after consultation with the treating nephrologist, dermatol-
ogist or rheumatologist [75,76].

If the patient is already pregnant, clinical exacerbation of exist-
ing lupus nephritis or renal SLE involvement should be treated
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» Table 2 Overview of clinical and laboratory characteristics of different Pr-AKI entities with overlapping symptoms (table based on [46] und [47]).

Preeclampsia TTP[HUS aHUS AFLP Antiphospholipid  Lupus
HELLP syndrome
Timepoint After the 20th In the 2nd and 3rd Higher incidence In the 2nd and In the 1st-3rd In the 1st-3rd
week of gestation trimester (higher postpartum 3rd trimester trimester and post  trimester and post
incidence in the (higher incidence partum partum
2nd trimester) in 3rd trimester)
Arterial (X1} 00O to ®0@® ®e0 000 to ®@0 000 to @@ 000 to 0@
hypertension
(>140/90 mmHg)
Neurological 000 to @@ ee0 to 000 000 to ®00 000 000 to @@ 000 to @@
symptoms
Fever 000 @00 to 000 000 to @@ 000 (Y Yol ee0
Schistocytes (>1%) 00O to ®@0O oo [ 1 Ye] 00O to @00 (1 Je} 000
Thrombocytopenia 00O to e®e® ®00 to 000@ (XY} ®00 to 000 (Y Yol @00 to #00
Elevated trans- 000 to @@ 000 to @00 000 to ®00 ee0 to 000 000 to @00 000
aminase levels
Hypoglycemia 000 000 000 [ X o) 000 000
Proteinuria? @00 to ®0@® ®00 to 0@ ®00 to 0@ ©00 000 to @@ e00 to 0@
Decreased 000 to @00 (Y ®00 000 000 000
ADAMTS13 activity
(<10%)
Treatment Delivery of Plasmapheresis Plasmapheresis Delivery of Acetylsalicylic Immunosuppres-
the infant and eculizumab the infant acid and anti- sive therapy
coagulation

2 Proteinuria: >300 mg/24 hours or urine/creatinine ratio of >0.3 g/g

000: unlikely or not present; ®0: mild or low likelihood; ®®0 moderate or moderate probability; ®®e: severe or high probability

with steroid pulse therapy and an additional immunosuppressive
agent such as azathioprine or tacrolimus [64].

The patient should undergo anamnestic screening before a
planned pregnancy and preeclampsia screening in the 1st trimes-
ter (between week 11 + 0 and week 13 + 6 of gestation) (see chap-
ter on preeclampsia) to evaluate the risks [77,78]. Until a few
years ago, daily intake of 75-100 mg acetylsalicylic acid (ASA) to
prevent preeclampsia and fetal growth retardation was recom-
mended. More recent studies have shown a better outcome if this
is increased to 150 mg ASA once daily, taken late at night [79-
82].

Depending on the risk profile, patients with additional known
antiphospholipid syndrome or who have already experienced
complications (e.g., thrombosis, pulmonary artery embolism)
should be administered low-molecular-weight heparin (e.g.,
enoxaparin) in addition to ASA for prophylactic or therapeutic
anticoagulation [83-85]. Because of their teratogenic effect,
coumarin derivates such as phenprocoumon or warfarin should
be replaced by more suitable alternatives, whenever possible.

Thrombotic microangiopathies (TMA)
Preeclampsia/HELLP syndrome

With an incidence of 2-8% (which is likely to increase), preec-
lampsia is one of the most common complications of pregnancy.
It occurs predominantly in the 2nd and 3rd trimester of preg-
nancy, butin 5% of cases it also occurs post partum [86-90].
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Depending on the respective medical society, the leading
symptoms of this entity are or were newly detected arterial hyper-
tension (> 140/90 mmHg) and proteinuria of more than 300 mg/
day after week 20 of gestation [91,92]. More recent insights into
pathogenesis, pathophysiology, and molecular and structural cel-
lular processes and the use of new biomarkers have changed the
understanding of this syndrome in recent years, leading to a revi-
sion of the classification and definition of preeclampsia (> Table
4) [93,94]. The overriding importance of proteinuria, which for
many years was considered a necessary diagnostic criterion, has
been downgraded if other symptoms (e.g., thrombocytopenia,
impaired liver function, new renal insufficiency, pulmonary ede-
ma or new-onset cerebral or visual disorders) are present.

It is generally assumed that the starting point for the patho-
physiological development of preeclampsia and HELLP syndrome
is disordered placental development (caused by immunological,
genetic and environmental factors) and the ensuing chronic is-
chemia caused by atherosclerosis, vascular sclerosis, fibrin depos-
its and infarctions (> Fig. 3) [94,99]. The consequences are persis-
tent activation of thrombocytes and vasoconstriction which in-
creases the production of antiangiogenic factors such as sFlt-1
and soluble endoglin as well as reducing the release of proangio-
genic factors such as PIGF and vascular endothelial growth factors.
This leads to the development of either a primarily “fetal pheno-
type” (fetal growth restriction), a primarily “maternal phenotype”
(hypertension and organ complications) or a mixed form [100].
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» Table 3 Possible immunosuppressive drugs which can be used during pregnancy and lactation.

Drugs (class of
active ingredients)
Azathioprine
(purine analog)

Belimumab
(monoclonal B-cell
activating factor [BAFF]
antibody)
Cyclophosphamide
(alkylating agent)

Hydroxychloroquine
(antiprotozoal agent)

Leflunomide

(pyrimidine synthesis
inhibitor)

Methotrexate

(folic acid analog,
antimetabolite)

Mycophenolate mofetil
(purine synthesis inhibitor)

Prednisone, prednisolone
(glucocorticoid)

Rituximab

(monoclonal CD20
antibody)
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Administration, dosage and characteristics during pregnancy

Current studies have provided no evidence for any increased risk
of malformation (lower birth weight and preterm birth are most
likely associated with the underlying disease or disease activity)
The dose of 2 mg/kg/day should not be exceeded

The mother should be offered a detailed ultrasound examination
to monitor fetal growth

If leukopenia occurs in the 3rd trimester, the dosage should be re-
duced and a complete blood count test carried out in the neonate

Current studies found no evidence of any increased risk of fetal
malformations; however, alternative medication should be used
because of the current lack of data

Because of its teratogenic effect, the patient should change here
medication 3 months before a planned pregnancy
Administration of the drug may be considered in life-threatening
situations after organogenesis has been completed in the 2nd
trimester of pregnancy (pancytopenia, lower birth weight and a
possibly higher incidence of preterm births are possible)

Current studies found no evidence of any increased rate of mal-
formations in the 1st trimester of pregnancy (increased rates were
mostly due to underlying disease or increased disease activity)

No fetotoxic risks in the 2nd and 3rd trimester

Teratogenic in animal studies, not enough data available about
its impact in humans

Before planning a pregnancy: either wait up to 2 years after dis-
continuing therapy or carry out 11-day washout treatment with
cholestyramine or activated powdered charcoal

Teratogenic in humans with variable patterns of teratogenicity
(CNS anomalies, ossification defects and skull anomalies, facial
dysmorphias, defects of the extremities, pre- und postnatal growth
retardation, developmental delay and intellectual defects, etc.)
Must be discontinued 1-3 months before a planned pregnancy,
followed by folic acid substitution (1-5 mg/days)

Teratogenic in humans (microtia and atresia of the external auditory
meatus, craniofacial malformations of the oral cavity and tracheo-
esophageal atresia, coloboma, cardiac malformations, etc.)
Increased rates of preterm births and neonates with lower birth
weights have been observed after intake in the 2nd and 3rd trimester
Must be discontinued at least 6 weeks before a planned pregnancy

The medication of choice during pregnancy

It should be noted that it is impossible to entirely preclude a slightly
higher risk of cleft lip and palate (particularly if the drug is adminis-
tered in the 8th to 11th week of gestation); it is assumed that these
effects are dose-dependent, meaning that the lowest effective dose
must be administered

Depending on the duration of intake and dosages, there may be

an increased risk of preterm birth and lower birth weight

Currently available data show no evidence of any increased risk of
malformations in the 1st trimester; however, because of the lack
of data, treatment should be changed before a planned pregnancy
From week 20 of gestation, increased placental passage with B-cell
depletion in the fetus, meaning that administration after week 20
of gestation should only occur in exceptional justifiable cases
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Administration, dosage and
characteristics during lactation

No limitations, possibly carry out a
complete blood count in the infant

Because of the current lack of data,
breastfeeding mothers should either stop
breastfeeding or switch to alternative
medication.

Mothers should not breastfeed when

taking this drug because of its almost
100% oral bioavailability and relevant
passage to breast milk.

Despite its passage to breast milk,
no restrictions are necessary if the infant
is reqularly checked by a pediatrician.

Passage to breast milk is unlikely because
leflunomide binds strongly to proteins
(99%); however, because of the lack of
data, infants should not be breastfed.

Because there is not enough data, this
medication should be avoided during
lactation.

Because there is not enough data, this
medication should be avoided during
lactation.

No restrictions

Despite the low oral bioavailability of
rituximab, because of the lack of studies
about its effects, alternative therapies
should be attempted.



» Table 4 Diagnostic criteria for preeclampsia published by various medical societies.

Medical society Diagnostic criteria

American College of Obstetricians
and Gynecologists (ACOG), 2013 [95]

—_

. Proteinuria

RRsys = 140 mmHg or RR iz = 90 mmHg (detected during 2 measurements carried out at an interval
of at least 4 hours after week 20 of gestation in a previously normotensive patient), and
first onset of one or more changes to the following clinical or laboratory values:

- 2300 mg protein in 24-h urine collection, or
- 20.3 g protein/g creatinine (= 30 mg/mmol) in spontaneous urine collection, or
- 22+ on urine test strip (only if quantitative methods are not available)

2. Thrombocytes <100000/ml

3. Increase in serum creatinine to > 1.1 mg/dl (> 97.2 umol/l) or doubling of creatinine level compared

to previous value

4. Increase in transaminase level to 2 times the upper reference range

wu

. Pulmonary edema

6. Visual or neurological symptoms (headache not responsive to analgesics, blurred vision, photopsia,

scotoma, etc.)

International Society for Study of
Hypertension in Pregnancy (ISSHP),

Hypertension of pregnancy (RRyys = 140 mmHg or RRgj; = 90 mmHg), and
first onset of one or more changes to the following clinical or laboratory values after week 20 of gestation:

2018[96] 1. Proteinuria
National Institute for Clinical 2. Maternal organ function impairment:
Excellence (NICE), 2019 [97] - AKI (serum creatinine = 90 pmol/l (1.0 mg/dl)

- Increased ALAT (GPT) or ASAT (GOT) to >40 IU/L in the presence or absence of abdominal pain in the
epigastric region or right upper abdomen
- Visual or neurological symptoms (headache not responsive to analgesics, seizure, stroke, scotoma, etc.)

Hematological complications (thrombocytes < 150 000/ml, disseminated intravascular coagulation

(DIC) or elevated hemolysis parameters)
3. Uteroplacental dysfunction (intrauterine growth restriction, abnormal uterine artery Doppler waveforms

orintrauterine fetal death)

Society of Obstetric Medicine
of Australia and New Zealand
(SOMANZ), 2014 [98]

_

RRsys = 140 mmHg or RRja = 90 mmHg (detected during 2 measurements carried out at an interval of
several hours after week 20 of gestation in a previously normotensive patient), and
first onset of one or more changes to the following clinical or laboratory values:

. Proteinuria (= 0.3 g protein/g creatinine (= 30 mg/mmol) in spontaneous urine collection or an increase

in serum creatinine to > 90 umol/l or oliguria (< 80 ml/4 h)
2. Thrombocytes < 100000/ml or disseminated intravascular coagulation (DIC)
3. Elevated transaminase levels or strong abdominal pain in the epigastric region and/or right upper

abdomen

4. Visual or neurological symptoms (headaches not responsive to analgesics, seizure, stroke, scotoma, etc.)

wu

. Pulmonary edema
6. Fetal growth retardation

German Society for Gynecology
and Obstetrics (DGGG), 2019
Austrian Society for Gynecology
and Obstetrics (OEGGG), 2019
Swiss Society for Gynecology
and Obstetrics (SGGG), 2019

patient), and

_

. Proteinuria

Hypertension of pregnancy (RRsys = 140 mmHg or RRgi; = 90 mmHg in a previously normotensive

first onset of one or more changes to the following clinical or laboratory values:

- 2300 mg protein in 24-h urine collection, or
- 20.3 g protein/g creatinine (= 30 mg/mmol) in spontaneous urine collection

2. Organ function impairments (kidneys, liver, respiratory system, hematological system, placenta
[intrauterine growth restriction], central nervous system)
3. Specific markers for preeclampsia (e.g., angiogenic factors)

RRsys: systolic blood pressure; RRiy: diastolic blood pressure; mmHg: millimeters of mercury; h: hours; g: grams; mg: milligrams; dI: deciliters;
umol: micromoles; I: liters; AKI: acute kidney injury; ALAT: alanine aminotransferase, previously GPT (glutamate pyruvate transaminase);
ASAT: aspartate aminotransferase, previously GOT (glutamate oxaloacetate transaminase); IU: international unit

Risk factors which facilitate preeclampsia are: arterial hyperten-
sion, pregestational diabetes, age <17 or >40 years, multiple
pregnancy, previous preeclampsia, systemic lupus erythemato-
sus, antiphospholipid syndrome, nulliparity, premature placental
separation, in vitro fertilization, etc. [101,102].

Although preeclampsia is associated with a pathophysiological
reduction in renal blood flow and glomerular filtration by 30-40%
compared to that of a healthy pregnant woman, Pr-AKl is a rare

complication [103]. However, the risk of developing Pr-AKI in-
creases to 7-36% if preeclampsia is severe or is accompanied by
HELLP syndrome [104-106].

Because of the clinical and laboratory similarities to other dis-
ease entities (lupus erythematosus, hemolytic uremic syndrome,
etc.), the presence of arterial hypertension or proteinuria prior to
pregnancy, the absence of characteristic symptoms (20 % of cases
with HELLP syndrome do not present with prior hypertension or
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Genetic risk factors
» trisomy 13

» SNPs-FLT1

» 2p13,2ql14.2

>

v

Phase 1
(1st and 2nd
trimester)

Phase 2
(3rd trimester)

v

vy v v

Maternal risk factors

arterial
hypertension
diabetes mellitus
antiphospholipid
antibodies, lupus
vascular disease
smoking

» OSAS

» previous
preeclampsia

» multiple pregnancy,

Immunological risk factors

» imbalance between T4 and dNK cells
» increased dendritic cell infiltration

» AT1 receptor antibodies

» HLA-C expression by trophoblasts

nulliparity
» in vitro fertilization
» etc.

age <40 years

v

v

Shallow trophoblast invasion

v

Reduced placental perfusion
(ischemia and oxidative stress)

Intrauterine growth retardation,
oligohydramnios

v

Increase of: sFLT1, sENG, HIF and
inflammatory cytokines
Decrease of: PIGF and VEGF

v

v

Systemic vascular dysfunction,
capillary leak syndrome and vasospasm

v

v

A 4

v v

Headache,
seizure, PRES

Hypertensive crisis,
pulmonary edema

Swelling of glomerular
endothelial cells (glo-
merular endotheliosis),

Coagulation activation,
thrombocytopenia,

Hepatic ischemia
and necrosis

proteinuria, AKI

hemolysis

» Fig. 3 Pathogenesis of preeclampsia (image based on [94]).

proteinuria [104]) and the potential emergence of other disorders
(e.g., acute fatty liver of pregnancy,) obtaining a differential diag-
nosis of preeclampsia is a challenge (> Table 2) [47].

Determination of the angiogenic factors sFlt-1 und PIGF may
be done to differentiate preeclampsia from other clinical pictures
(see above).

An sFlIt-1/PIGF ratio <38 can almost entirely preclude the de-
velopment of preeclampsia within the next week in a patient with
clinical suspicion of preeclampsia. In contrast, an sFlt-1/PIGF ratio
> 85 in week <34 +0 of gestation or an sFlt-1/PIGF ratio 2110 in
week >34 of gestation are useful thresholds for the diagnosis of
preeclampsia [107].

Because of the lack of treatment options, screening for preec-
lampsia in the 1st trimester (between week 11+0 and week
13 + 6 of gestation) is an important cornerstone of treatment. Us-
ing a combination of the patient’s history, measurement of mean
arterial pressure, bilateral measurement of the pulsatility index of
the uterine arteries and the determination of PAPP-A and PIGF, the
risk of developing preeclampsia can be detected with a probability
of 75-92% and a false-positive rate of just 10% [77,78]. If the
findings are positive, it is recommended that patients take
150 mg ASA daily once per day every night to reduce the inci-
dence of preeclampsia, as mentioned above [82].

More recent experimental therapeutic approaches are investi-
gating the possibility of using apheresis to reduce sFlt-1 levels. A

306

Scurt FG et al. Pr-AKI: Acute Kidney ...

significant reduction in sFlt-1 serum concentrations has been
achieved in small pilot studies which showed an alleviation of ma-
ternal symptoms including a reduction of maternal hypertension
and proteinuria and increased fetal growth based on fetal percent-
ile curves [108-110]. In addition, studies have shown that this
delayed immediate delivery of the infant by 2-21 days.

Measures to influence the complement system are another po-
tential treatment option. Depending on their location, single nu-
cleotide polymorphisms within the complement C3 gene are a
risk factor for severe preeclampsia [111], indicating that adminis-
tration of the C5 complement inhibitor eculizumab could be a
possible causal therapy in cases with overactivation of the com-
plement system [112-115]. However, because the data is very
limited, it is currently not possible to make any recommendations
about this approach.

Thrombotic thrombocytopenic purpura (TTP)/
pregnancy-associated hemolytic uremic syndrome (HUS)

In addition to preeclampsia and HELLP syndrome, renal throm-
botic microangiopathies also include clinical conditions such as
hemolytic uremic syndrome (HUS) and thrombotic thrombocyto-
penic purpura (TTP).

The characteristic common feature of the latter entities is a
disseminated occlusion of arterioles and capillaries by fibrin and
agglutinated platelets, leading to mechanical lysis of erythrocytes
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and platelet aggregation [116]. The consequences are extracor-
puscular hemolytic anemia and ischemia of affected organs.
Although both clinical conditions occur very rarely in pregnancy,
they are associated with high morbidity and mortality rates for
both the mother and the fetus [117].

TTP is characterized by the appearance von Willebrand factor
(VWF)-rich microthrombi in the arterioles and capillaries of differ-
ent organ systems [118]. If endothelial cell injury occurs or there
are high shear forces in the capillaries, VWF mediates the aggrega-
tion of endothelial cells and platelets and thus induces primary he-
mostasis. Under physiological conditions, excessive thrombus for-
mation is inhibited by ADAMTS13 protease cleaving the large vVWF
multimers into smaller entities. As regards its pathophysiology,
the underlying cause of TTP is a deficiency of this specific prote-
ase, which allows vWF-rich microthrombi to develop in arterioles
and capillaries. Possible causes are an inherited autosomal reces-
sive gene defect (hereditary form of TTP) with reduced or absent
ADAMTS13 activity, the formation of inhibitory autoantibodies
against ADAMTS13 protease (idiopathic form), or exogenous and
endogenous factors (secondary forms of TTP, e.g., caused by
medication, disease, surgical interventions, etc.) [119].

Pregnancy, particularly the second and third trimester, is a risk
factor for developing TTP [120,121]. It has been hypothesized
that the physiological increase in VWF during pregnancy leads to
decreased levels of ADAMTS13 protease. This could mean that
ADAMTS13 activity in women with a genetic (previously asymp-
tomatic) ADAMTS13 protease deficiency decreases so much that
this results in clinical manifestation of a thrombotic microangiop-
athy [121].

If there is a suspicion of TTP, current standard therapy initially
consists of plasmapheresis with fresh frozen plasma (FFP) to elim-
inate antibodies and restore enzymatic activity [122,123].

In contrast to TTP, in pregnancy-associated atypical hemolytic
uremic syndrome, unregulated activation of the alternative com-
plement cascade pathway leads to chronic persistent, self-intensi-
fying and uncontrolled complement activation. The cause is often
gene mutations in regulatory complement proteins such as com-
plement factor H, I, C3 and membrane cofactor protein [124].
Pregnancy is the triggering factor in around 20% of all women
with aHUS (especially in the postpartum period).

Retrospective analyses of women who developed pregnancy-
associated HUS show that more than half of cases had genetic
mutations of the complement proteins [125]. It was also found
that women with identifiable mutations had a significantly poorer
clinical course: dialysis dependence at initial presentation (81 vs.
58%), progression to terminal dialysis-dependent renal failure
(64 vs. 36%), a higher risk of recurrence (38 vs. 16 %) and a higher
risk of developing preeclampsia (8 vs. 0%) or fetal complications
such as preterm birth or miscarriage (5 vs. 0%) [126]. As with
TTP, plasma exchange to remove autoantibodies and replace de-
fective gene products is an important cornerstone of the initial
treatment of aHUS.

Repeated administration of eculizumab, a monoclonal anti-C5
antibody, which prevents the cleavage of C5 and thus terminal ac-
tivation of the complement system, should be used for long-term
therapy [127]. As eculizumab has not been detected either in the
umbilical cord or in blood samples taken from neonates, it can
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also be administered during pregnancy [128,129]. Because of
the lack of clinical trials, it is currently not clear how long treat-
ment with eculizumab should be continued. In a case series of
10 patients with aHUS who achieved stable remission when treat-
ed with eculizumab, 7 patients were able to successfully stop
treatment while 3 patients suffered recurrence within 6 weeks of
discontinuing therapy [130].

Another unanswered question is whether eculizumab should
be administered prophylactically in the event of a second preg-
nancy of women with previous episodes of pregnancy-associated
HUS. It is currently not possible to give a specific recommendation
because of the lack of clinical data. Close monitoring is required
throughout the course of the pregnancy and for up to 3 months
after the birth, and eculizumab should be administered in the
event of recurrence.

Because of the lack of data for pregnant women and breast-
feeding mothers, the long-acting C5 inhibitor ravulizumab should
only be prescribed after carefully weighing up the risks and bene-
fits [131].

The monoclonal anti-CD20 antibody rituximab which is pre-
scribed in specific cases should also only be used with great care
in pregnancy because of the high risk (10% of cases) of thrombo-
cytopenia, neutropenia and B-cell depletion for the fetus and neo-
nate and the lack of long-term data [132].

Acute fatty liver of pregnancy (AFLP)

Acute fatty liver of pregnancy is a rare (1:20000 pregnancies) but
potentially life-threatening obstetric emergency with maternal
and neonatal mortality rates of 2-10% [133]. It is caused by an in-
herited autosomal recessive mutation in maternal and fetal mito-
chondrial 3-hydroxyacyl-CoA dehydrogenase enzyme (LCHAD de-
fect), which leads to an accumulation of hepatotoxic long-chain
fatty acids and their metabolites in the maternal liver [134]. The
clinical picture is very heterogeneous and can range from mild
symptoms of disease with minimal biochemical anomalies to se-
vere forms with fulminant hepatic failure and associated multior-
gan failure. The consequences of severe hepatic dysfunction in-
clude elevated bilirubin and transaminase levels, coagulopathy,
thrombocytopenia, lactic acidosis, hypoglycemia, ascites and en-
cephalopathy [135].

Along with histologically confirmed microvesicular fatty de-
posits in hepatocytes, renal biopsy findings also include deposits
of free fatty acids in the renal tubular cells, meaning that Pr-AKI
(with a frequency of 50-75%) is a typical complication of AFLP
[133,136,137].

Because of the temporal (occurrence is mainly in the 3rd tri-
mester), laboratory and clinical similarities (nausea, vomiting,
stomach pain, jaundice, hypertension and proteinuria), differenti-
ating AFLP from preeclampsia or from HELLP syndrome is not al-
ways possible (» Table 2) [90]. An overview of the Swansea crite-
ria for diagnosing AFLP is given in » Table 5 [133,138,139]. It
should also be noted that in 20-40% of cases, patients with AFLP
are given a concomitant diagnosis of preeclampsia/HELLP syn-
drome [137,140].

As with preeclampsia, treatment for AFLP also focuses on im-
mediately delivering the infant together with providing suppor-
tive, usually primary, intensive medical therapy. As in most cases
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» Table 5 Swansea criteria for the diagnosis of AFLP.

Serum ammonia

(>47 pmol/l)

Uric acid (>5.7 mg/dl
or>340 pmol/l)

AKl or creatinine

(1.7 mg/dl or>150 umol/l)
Coagulopathy
(PTT>14s0raPTT>34s
Ascites or pale liver

on ultrasound imaging

Vomiting

Abdominal pain

Polydipsia/polyuria

Encephalopathy

Bilirubin (> 0.8 mg/dI
or>14pumol/l)
Hypoglycemia

(<72 mg/dl or <4 mmol/l)
Leukocytosis

(>11000 cells/pl)

Elevated transaminase level
(>421U/l)

At least 6 of the above criteria must be met to diagnose AFLP
after other pathologies have been excluded.

= Microvesicular steatosis
on hepatic biopsy

AKI: acute kidney injury

with spontaneous liver regeneration after delivery, renal function
usually normalizes again after the birth. In rare severe cases, how-
ever, plasmapheresis treatment or a liver transplant may be nec-
essary [141,142]. Because clinical studies are lacking, it is not
possible to make any statement about the impact of AFLP on
long-term renal function [141,142].

The guidelines of the American College of Gastroenterology
additionally recommend carrying out a genetic analysis of long-
chain 3-hydroxyacyl-CoA dehydrogenase in both the mother and
her children as well as regular screening of the children for symp-
toms of LCHAD defect (hypoketotic hypoglycemia, metabolic ac-
idosis, hepatic function disorders, arrhythmias, cardiomyopathy)
[143].

In the context of infections

Because of the physiological changes which occur during preg-
nancy (due to anatomical and functional changes in the urogeni-
tal tract, hormonal changes, the increased incidence of instru-
mental and surgical trauma and the occurrence of pregnancy-re-
lated complications such as preterm rupture of membranes with-
out onset of contractions, intrauterine fetal death and compli-
cated or septic miscarriage), pregnant women have an increased
risk of infection. Recognizing infections or septicemia requires
special attention to be paid to this particular patient cohort. On
the one hand, many predictive scores only have a low positive pre-
dictive value; on the other hand, symptoms such as tachycardia,
tachypnea or a drop in blood pressure can be misinterpreted as
blood loss, a side effect of oxytocin administration or being pain-
related [144].

An infection can cause both direct injury to the kidney and AKI
due to hemodynamic changes occurring in the context of septic
shock [145].

Urinary tract infections/pyelonephritis

The anatomical, functional, and hormonal changes which accom-
pany pregnancy and the presence of a range of different risk fac-
tors (e.qg., diabetes mellitus, HIV, sickle cell anemia, anomalies of
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the urinary tract or chlamydia trachomatis infections) promote
urinary tract infections [146, 147].

Untreated or undiscovered infections (asymptomatic bacteri-
uria in 2-7% of cases) represent a risk factor for both the unborn
child (preterm birth, fetal growth restriction) and the pregnant
mother (risk of developing pyelonephritis, which in 20% of all af-
fected pregnant women evolves into systemic inflammatory re-
sponse syndrome [SIRS] or sepsis) [60, 148 - 154]. In addition to
the risk of developing sepsis, 2% of all pregnant women with py-
elonephritis go on to develop AKI [151].

Early aggressive therapy with suitable antibiotic agents and ad-
equate fluid replacement are the most important measures which
need to be carried out for the prophylaxis and treatment of Pr-AKI.

Administering fluids to patients with pyelonephritis, SIRS or
sepsis aims to increase mean arterial and central venous pressure
and increase urine volumes. It should be noted, however, that be-
cause of the already elevated plasma volume and the endotoxin-
mediated damage to endothelial cells in the alveolar capillary
membrane coupled with additional fluid volumes, both respira-
tory and cardiac complications (pulmonary edema, pleural effu-
sion, increased mitral insufficiency) may develop. At the moment,
it is not clear which type of fluid (balanced electrolyte solution,
0.9% NaCl, Ringer’s lactate solution, etc.) benefits patients most.
Studies carried out in recent years in critically ill and not-critically
ill patient cohorts suggest that the use of sodium chloride-rich so-
lutions is associated with an increased risk of developing AKI or an
increased probability of kidney replacement therapy and mortal-
ity [155-157].

Typical pathogens causing urinary tract infections are Esche-
richia coli (75-80% of cases), various Klebsiella, Enterobacter and
Proteus subspecies as well as Group B Streptococci (10% of cases)
[151,158,159]. Antibiotic therapy should be administered ac-
cording to the microbiological findings detected with resistogram
typing. If the pathogenic bacteria spectrum is not known, then
oral antibiotics, for example, nitrofurantoin or B-lactam antibiot-
ics (penicillins or cephalosporins) are suitable to treat uncompli-
cated urinary tract and bladder infections. But it is important to
be aware that nitrofurantoin must not be administered to patients
with glucose-6-phosphate dehydrogenase deficiency or to any
woman in the 3rd trimester of pregnancy because of the risk of
fetal hemolytic anemia [160].

In contrast, the treatment of pyelonephritis should initially
consist of intravenous antibiotic therapy, which can later be
switched to oral administration. Treatment should be continued
for a period of 10-14 days, and a repeat urine culture should be
done one week after concluding antibiotic treatment as recur-
rence or failure of treatment can occur in up to 30% of cases
[161].

An overview of possible antibiotics, their dosages and duration
of administration is given in » Table 6. It should be noted that
when antibiotics are prescribed, the initial dose must be adminis-
tered in full for 24-48 h irrespective of liver and kidney failure
[82].

Postpartum infections

Cesarean section and miscarriage and early or premature rupture
of membranes, endometritis, wound hematoma, cervical cer-
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» Table 6 Preferred antibiotics for the treatment of urinary tract infections und pyelonephritis during pregnancy and lactation.

Medication Dosage and form Duration of
of administration administration
Penicillin
Amoxicillin 250-500 mg every 8 hours or 3-7 days
750-1000 mg every 12 hours
(oral)
In cases with severe infection
750-1000 mg every 8 hours
(oral)
Amoxicillin/ 875/125 mg every 8-12 hours Not more than 14 days

clavulanic acid

(oral)

1000/500 mg very 6-8 hours
(intravenous)

Ampicillin 0.5-2 g every 8 hours 3-7 days
(oral/intravenous) (continue medication for
Dose can be increased at least 2-3 days after
to 15 g per day depending symptoms have resolved)
on the clinical picture
Ampicillin/ 750-3000 mg every 5-14 days
sulbactam 6-8 hours (intravenous) (continue taking medica-
tion for at least 2 days after
symptoms have resolved)
Sultamicillin 375-700 mg every 12 hours 5-14 days

Cephalosporins

(oral)

(continue taking medica-
tion for at least 2 days after
symptoms have resolved)

(continue taking medica-
tion for at least 2 days after
symptoms have resolved)

(continue taking medica-
tion for at least 2 days after
symptoms have resolved)

(continue taking medica-
tion for at least 2 days after
symptoms have resolved)

Duration of intake is based

Cefaclor 500 mg every 8 hours (oral) 7-10 days

Cefalexin 500-1000 mg every 7-10 days
6-8 hours (oral)

Cefuroxime 250 mg every 12 hours (oral) 5-10 days
1.5 g every 8 hours
(intravenous)

Ceftriaxone 1-2 g every 24 hours

clage, infection with Group B Streptococci, low socioeconomic

(intravenous)

on the course of disease
(continue taking medica-
tion for at least 2-3 days
after symptoms have
resolved)

Specific features

efficacy limited for gram-negative pathogens

during lactation: small amounts pass into breast milk, in
isolated cases the infant may present with fungal infection
of mucous membranes, loose stools or diarrhea

during lactation: small amounts pass into breast milk, in
isolated cases the infant may present with fungal infection
of mucous membranes, loose stools or diarrhea

poor oral absorption, intravenous administration is
preferable

during pregnancy: concentrations in plasma reduced

by up to 50%

during lactation: small amounts pass into breast milk, in
isolated cases the infant may present with fungal infection
of mucous membranes, loose stools or diarrhea

during pregnancy: concentrations in plasma reduced

by upto50%

during lactation: small amounts pass into breast milk, in
isolated cases the infant may present with fungal infection
of mucous membranes, loose stools or diarrhea

during lactation: small amounts pass into breast milk, in
isolated cases the infant may present with fungal infection
of mucous membranes, loose stools or diarrhea

during lactation: small amounts pass into breast milk, in
isolated cases the infant may present with fungal infection
of mucous membranes, loose stools or diarrhea

during lactation: small amounts pass into breast milk, in
isolated cases the infant may present with fungal infection
of mucous membranes, loose stools or diarrhea

oral bioavailability is between 30-50%, parenteral
administration should be preferred

during lactation: small amounts pass into breast milk, in
isolated cases the infant may present with fungal infection
of mucous membranes, loose stools or diarrhea

more suitable alternatives during pregnancy: penicillins,
cefaclor, cefalexin, cefuroxime

during lactation: small amounts pass into breast milk, in
isolated cases the infant may present with fungal infection
of mucous membranes, loose stools or diarrhea

Postrenal kidney damage

status, obesity, age > 35 years and diabetes are all risk factors for
postpartum infection [162]. The initial therapy should consist of
treatment with a broad-spectrum antibiotic because of the
polymicrobial bacterial spectrum (often Escherichia coli, Entero-
coccus, Staphylococcus and Streptococcus) [163].

Obstruction-related kidney damage during pregnancy is a rare
cause of Pr-AKI. Irrespective of the suspected etiology of AKI, ul-
trasound examination must always be carried out to exclude ob-
struction.
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Hydronephrosis can be visualized on ultrasound examination
in advanced stages of pregnancy and is caused by compression
of the ureter at the pelvic brim by the gravid uterus and relaxation
of the smooth ureteral muscles due to increased progesterone
synthesis. Hydronephrosis is a normal physiological phenomenon
which does not require treatment in an otherwise uncomplicated
pregnancy [164,165].

However, chronic urinary retention combined with pregnancy-
related lithogenic factors (elevated calcium, oxalate, uric acid and
sodium concentrations in urine) is a risk factor for the develop-
ment of renal calculi, particularly in the 2nd and 3rd trimester of
pregnancy [166-168]. Symptoms resemble those of non-preg-
nant women and include abdominal or flank pain, nausea, vomit-
ing, hematuria, leukocyturia, and pyuria [169].

Unilateral renal calculi are risk factors for urinary tract infec-
tions; if they lead to urinary tract obstruction, this can lead to hy-
pertension, premature labor or even preeclampsia [168,170,
171]. Bilateral stones are a rare cause of Pr-AKl and almost always
require invasive intervention (ureteroscopy, ureteral stents or
nephrostomy catheter) [172,173].

latrogenic injuries/displacement of the efferent urinary tract
are also a rare cause of postrenal Pr-AKI, usually caused by surgical
injuries incurred during emergency C-section, particularly in cases
with preexisting anatomical anomalies (e.g., ectopic kidneys, du-
plications of the urinary tract, ectopic ureteral orifice, etc.) [174].
It should be noted that unilateral injury to the ureters does not
usually lead to an increase in renal retention parameters or de-
creased diuresis. Hydronephrosis and the accumulation of urine
outside the urinary tract can be detected on sonography or CT
imaging.

The presence of a retroperitoneal mass or fibrosis can be a
cause of obstruction even if the ultrasound scan of the kidney is
unremarkable [175, 176]. MRI of the kidneys and the efferent uri-
nary tract should be carried out.

Hyperemesis gravidarum

With an incidence of 0.2-2 %, hyperemesis gravidarum (HG) is the
most common cause of AKI in the first trimester of pregnancy
[177-179]. In addition to persistent vomiting starting before
week 12 of gestation, ketonuria, and weight loss of more than
5% of body weight without any other demonstrable cause, labora-
tory findings often include metabolic alkalosis (contraction alkalo-
sis), hypokalemia and hypophosphatemia [180]. An increase in
hematocrit levels together with slightly elevated aminotransfer-
ase levels, mild hyperthyroidism and thiamine (vitamin B;) defi-
ciency have been detected in rare cases [177,178,181].

The precise etiology of hyperemesis gravidarum is still not en-
tirely clear. It has been suggested that it is triggered by hormonal
changes during pregnancy. In addition to hyperthyroidism, molar
pregnancy, diabetes mellitus, previous history of gastrointestinal
disease, and asthma are all risk factors for developing hyperemesis
gravidarum [182].

Hyperemesis gravidarum can induce hypovolemia, with activa-
tion of the sympathetic nervous system, renin angiotensin aldo-
sterone system and increased release of ADH (antidiuretic hor-
mone, vasopressin) leading to vasoconstriction of the renal vascu-
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lature, renal hypoperfusion, and a decreased glomerular filtration
rate [183-185].

Antiemetic therapy and adequate fluid replacement are the
most important therapeutic interventions for the prophylaxis
and treatment of Pr-AKl induced by hyperemesis gravidarum. De-
pending on the severity of HG, vitamins and dietary supplements
should also be administered to ensure adequate supplementation
of the mother and fetus [186].

Peripartum bleeding

The prevalence of peripartum bleeding caused by miscarriage,
uterine atony, placental disorders such as placenta previa and dis-
orders of placental separation, obstetric trauma injuries such as
tearing of the cervix or vagina, uterine rupture, or clotting disor-
ders is between 0.5 and 5.0%. Peripartum bleeding is the most
common but also the most dangerous obstetric emergency
[187,188]. In Germany, peripartum bleeding is usually defined as
blood loss of more than 500 ml after vaginal delivery and of more
than 1000 ml after cesarean section. Because of the increased
uterine blood flow when giving birth of around 600-800 ml/min,
persistent bleeding can quickly lead to hemorrhagic shock with
decreased renal perfusion and decreased GFR [189].

Moreover, because of the physiological changes which occurin
pregnant women, blood loss of 1000-1500 ml may occur without
external signs of hemodynamic instability. Incipient hemorrhagic
shock may be misinterpreted (e.g., as tachycardia caused by labor
pains or as a side effect of oxytocin administration), which may di-
vert attention away from the site of bleeding [189].

The clinical picture of persistent hypotension and associated
disorders of renal microcirculation varies greatly and may include
pronounced local reversible inflammatory reaction with subse-
quent tissue ischemia, tubulointerstitial edema, tubular cell ne-
crosis (partly reversible, partly irreversible) and even irreversible
renal cortical necrosis.

Early recognition of the cause and extent of the bleeding fol-
lowed by rapid, aggressive treatment (early parenteral fluid re-
placement, surgical or medication-based intervention, transfu-
sion, full coagulation workup, systemic vasoconstrictors, etc.) is
therefore the most important procedure for the prophylaxis and
treatment of Pr-AKI.

Rare causes of Pr-AKI

Peripartum cardiomyopathy, defined as severe, rapidly progres-
sive cardiac insufficiency without any other identifiable causes, is
a rare, severe complication of pregnancy which can occur in the
last weeks of pregnancy and up to five months after giving birth;
it has a mortality rate of 3-40% [190]. Its clinical symptoms re-
semble those of other forms of cardiac failure [191, 192]. Risk fac-
tors include ethnicity, advanced maternal age, socioeconomic
factors, multiparity, multiple pregnancy, hypertension, and diabe-
tes mellitus [193]. Its etiology is still not entirely clear but genetic,
maternal and fetal hormonal factors as well as viral infections are
assumed to play a role. The pathophysiological consequences for
the kidney of undiscovered or untreated cardiac insufficiency dur-
ing pregnancy are similar to those occurring in non-pregnant per-
sons with acute or chronic cardiac insufficiency (cardiorenal syn-
drome) [185,194].
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Milk-alkali syndrome is another rare cause of Pr-AKI. Because
of the pathophysiological changes which occur during pregnancy
(increased gastrointestinal absorption of calcium due to higher
levels of prolactin und placental lactogen to ensure fetal calcium
supply) and preexisting hyperemesis (induces hypovolemia with
contraction alkalosis leading to reduced calcium absorption in
the renal tubules), pregnant women have an increased risk of de-
veloping hypercalcemia [36, 195, 196]. Taking additional vitamin
D supplements or of alkaline or calcium-containing antacids
(e.g., magaldrate, sucralfate) to treat reflux esophagitis can in-
crease the risk of developing milk-alkali syndrome [197-199].
Clinical symptoms include loss of appetite, dry mouth, dizziness,
headache as well as acute confusion and psychosis [200]. Labora-
tory tests show metabolic alkalosis, reduced parathyroid hormone
levels, increased renal retention parameters and, usually, normal
or lower phosphate levels [200]. Classic hypercalcemia may
present with normal values during pregnancy because of the re-
duced level of serum albumin. The correct level of serum calcium
(calciumcorrected [MmMoI/I] = calciumpmeasured [MMol/I] = 0.025 x
albumin [g/l] +1) or of ionized calcium should be determined
[36].

In the kidneys, hypercalcemia initially leads to indirect inhibi-
tion of the Na-K-2Cl channels in the ascending branch of the
Henle loop, inducing vasoconstriction and natriuresis which are
associated with decreased renal blood flow and decreased GFR.
The hypercalcemia-induced inhibition of ADH receptors in the col-
lecting tubules of the kidney decreases water reabsorption, lead-
ing to decreased volumes which, in turn, increases the reabsorp-
tion of bicarbonate and thus increases metabolic alkalosis. Alkalo-
sis then leads to increased reabsorption of calcium in the distal tu-
bules of the nephron, resulting in a negative feedback loop [200].

Treatment consists of avoiding or discontinuing the intake of
calcium or vitamin D-containing supplements and the administra-
tion of antiemetic drugs coupled with “aggressive” rehydration
(some cases have volume deficits of 4-61).

In addition to peripartum cardiomyopathy and milk-alkali syn-
drome, other rare causes of Pr-AKl include fulminant viral hepati-
tis (herpes simplex virus and hepatitis E which is especially preva-
lent in developing countries), rhabdomyolysis caused by trauma
or drug abuse (cocaine-induced hyperthermia, methamphet-
amines), sickle cell anemia, renal cortical necrosis (caused by
hypoperfusion or disseminated intravascular coagulopathy due
to premature placental separation, intrauterine fetal death or
amniotic fluid embolism) and rupture of splenic artery aneurysm.

Summary

Pregnancy-related acute kidney injury is not a rare entity and its
incidence is increasing. Pr-AKl significantly increases the risk of fe-
tal or maternal complications, both during the entire pregnancy
and postpartum. Early detection and treatment of Pr-AKl is there-
fore every important, but the range of different entities, the het-
erogeneity of symptoms, and the overlapping clinical and labora-
tory characteristics mean that diagnosing Pr-AKI may be a chal-
lenge for the treating physician.

As the timepoint when AKI occurs can already provide the first
indications about the possible underlying etiology, renal values
should already be monitored early in pregnancy because of the
pathophysiological changes which occur during pregnancy and
to better evaluate changes in renal function. In addition to deter-
mining the most common renal retention parameters, biomarkers
may be used to obtain a differential diagnosis and investigate for
lupus and lupus nephritis. The determination of angiogenic fac-
tors as sFlt-1 and PIGF can be used to diagnose preeclampsia and
predict adverse pregnancy outcomes. Genetic analysis can be per-
formed to diagnose other entities (e.g., AFLP, aHUS), to ensure
that treatment during subsequent pregnancies is initiated at an
early stage and to allow a risk assessment about the course of
the pregnancy to be carried out with provision of the necessary
resources. However, genetic analysis is expensive, time-consum-
ing and not immediately available.

A better understanding of the range of different causes driving
renal function deterioration during pregnancy and prompt appro-
priate treatment of Pr-AKI could significantly improve the progno-
sis for mother and child but this requires the involvement of an in-
terdisciplinary team.
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