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The introduction to acid-base disorders presented in Chap. 17 should be read
before proceeding with this discussion. Primary metabolic alkalosis is character-
ized by an elevation in the arterial pH (or a reduction in the H* concentration), an
increase in the plasma HCO3 concentration, and compensatory hypoventilation,
resulting in a rise in the Pco,. A high HCO3 concentration, however, is not
diagnostic of metabolic alkalosis, since it can also represent the renal compensa-
tion to chronic respiratory acidosis. These disorders can be differentiated by mea-
surement of the extracellular pH, which is reduced in chronic respiratory acidosis.
In addition, a plasma HCOj3 concentration of 40 meq/L or more indicates at least
some degree of metabolic alkalosis, since this level is greater than that generally
achieved by the renal compensation to severe chronic hypercapnia.

PATHOPHYSIOLOGY

The pathophysiology of metabolic alkalosis is most easily understood by asking
two separate questions:
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o How do patients become alkalotn:?
e Why do they remain alkalotic, since r | c
should rapidly restore normal acid-base balance!

enal excretion of the excess HCO3

Generation of Metabolic Alkalosis

: +
y! elevation in the plasma HCO3 concent'ration is usually. 1ndu(;§dnt))}; :—Iin
f pltl";r:rlnythe gastrointestinal tract (as with vomiting or nasogaitnc ssu(; :: Vorn
t(t)xi:s urine (as with the diuretic therapy) (Table 18-1). These H™ 1on
from the intracellular dissociation of H,COs:
|

+ —
C02 + H20 <> H2CO3 <> H + HCO3

3 for illiequivalent of H*
Thus, there will be an equimolar generation of HCO3 for each milliequivalen f

: ’ . . . CO_.,
ﬂmtl:flé?:t[)olic alkalosis can also be produced by the administration of HCO;

i ion. A
by H* movement into the cells, and by certain forms of _vol\:net ;;)ntizsc;c; O
tr};mscellular H* shift typically occurs hwithnhy(f:\;(ilzmt}:‘./or asble Coflcentration
S .
-ation falls, K* moves out of the ce : neentration
CO:c(i:?:rEato partially replete the extracellular stores. Electroneutrality 1s
gr

Table 18-1 Causes of metabolic alkalosis

Loss of hydrogen .
intestinal loss
~ ?aslt{r:ngial of gastric secretions—vomiting or nasogas :
2. Antacid therapy, particularly with cation-exchange resin
3. Chloride-losing diarrhea
B. Renal loss
1. Loop or thiazide-type diuretics”
Mineralocorticoid excess”
Postchronic hypercapnia
loride intake '
II:I(i):hf:;ose carbenicillin or other penicilli.n derivative
6. Hypercalcemia, including the milk-alkali syndrome
C. H* movement into cells
1. Hypokalemia“
2. Refeeding (1)
Retention of bicarbonate
A. Massive blood transfusion
B. Administration of NaHCO;
C. Milk-alkali syndrome
Contraction alkalosis .
A. Loop or thiazide-type diuretics .
B. Gastric losses in patients with achlorhydria
C. Sweat losses in cystic fibrosis

tric suction”

I

9 Most common Causes.
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tained in this setting by a reciprocal shift of H (and Na*) into the cells."? The
net effect is an extracellular alkalosis with a paradoxical intracellular acidosis.>*
K™ repletion can reverse the H* shift and lower the extracellular pH toward
normal.?

A contraction alkalosis occurs when the fluid that is lost contains C1™ but little
or no HCOj'. In this setting, which is most commonly due to diuretics, the extra-
cellular volume contracts around a relatively constant quantity of extracellular
HCOs3. As a result, the plasma HCO3 concentration rises (Fig. 18-1).° The sever-
ity of this process is generally limited by buffering of the excess extracellular
HCOj by cell and bone buffers.’

Patients with metabolic alkalosis are almost always hypochloremic, usually
because of chloride loss with H* with gastrointestinal or renal losses. As described
in the next section, hypochloremia is thought to play a major role in the main-
tenance of metabolic alkalosis by limiting HCOj3 excretion.

Maintenance of Metabolic Alkalosis

The kidney possesses the ability to correct a metabolic alkalosis by excreting the
excess HCO3 in the urine. For example, normal subjects given 1000 meq of
NaHCO; per day for 2 weeks excrete virtually all of the excess HCOj3 and develop
only a minor increase in the plasma HCOj concentration.” Since the disorders
that cause metabolic alkalosis are associated with a much smaller HCOj3 load, the
perpetuation of metabolic alkalosis requires an impairment in renal HC O3 excretion

Extracellular fluid

Total HCO3 = 528 meq

[HCO5 1 =24 meq/L

22 liters
(@

Total HCO3 = 528 meq
Figure 18-1 Mechanism of contraction alkalosis. (a) The

volume and HCOj7 concentration of the extracellular fluid in
an as yet untreated 70-kg man whose extracellular volume has .
increased from 17 to 22 liters because of congestive heart failure. [HCO3 ] = 31 meq/L 3 Jiters
(b) If the excess NaCl is lost isotonically after the administration
of diuretic, there will be a reduction in the extracellular volume.
Since the quantity of extracellular HCOj3 is initially unchanged, 17 liters
the HCO3 concentration in the extracellular fluid will increase

from 24 to 31 meq/L. ®
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(Table 18-2) * Both a reduction in glomerular filtration rate (and thte'rgf(izetgl tthhiz
3 ion in tubular reabsorption contribu
filiered HCOj3 load) and an elevatlop in tub! ] e to s
rocess. 5 It is likely that the latter is more important, since a low ﬁt1t1atle(t)ab0lic
glone as in chronic renal insufficiency, does not appear to predispose to m
sis. . . .
alka}zs was reviewed in Chap. 11, HCOj reabsorption occurs by H 'Sf(i-rsltéoiﬁ
from the tubular cell into the lumen. The proximal tu;)?lie %lla:ysezihil rélg? o
i X bi -oximately 90 percent of the flte 03,
his process, reabsorbing approxima ercent of the ‘
i/ia I?Ia+_H+ exchange. The remaining HCO3 18 prl.marlly 1eabsc?1bed in tt.he 1(})1(:3
of Henle via Nat-H"' exchange and in the collecting tubules via an active
TPase pump in the luminal membrane. _ ' ~ .
A A valzietypof factors may contribute to the increase in HCOj5 reabsorption that

is seen in metabolic alkalosis, including volume and chloride depletion, hyper-

aldosteronism, and hypokalemia.

Effective circulating volume depletion The increase in ntettHCCgl f:ﬁigif?;ﬁuﬁ
i i ich includes edematous states su
effective volume depletion (which inc state : o
i i iewed as an appropriate response '
and cirrhosis; see page 259) can be viewe 2 D e, 1
i i HCO3 were excreted 1n the ,
iewpoint of volume regulation. If the excess H ref ‘ ne, It
::z\:lr()i obligate concurrent Na* loss to maintain electroneutrality, further dimin
ishing tissue perfusion. B o
ishi "%he effegt of volume status on HCO3 reabsorptlog is .depepdeﬁtc 1(1)[)_01;62265
degree of volume depletion. As an example, a 4—m<13q/11;11inct1_ease‘ :tle) e i) o
i i om 25 to 29 meq/L of glomerular nitration r c seel
sorptive capacity (from eq/! o e tiont i
i ' i diet (10 meg/day), even thoug
with the ingestion of a very low Na e : e b
ini ic.!2 hand, HCOj5 reabsorptive capacity .
ically euvolemic.~ On the other , ! : : 1
(;lgnmeq/{ with marked reductions in tissue perfusion, thereby allowing a relatively
. cp 9,10
severe metabolic alkalosis to persist.

Table 18-2 Causes of impaired HCO3 excretion that
allow metabolic alkalosis to persist

Decreased glomerular filtration rate
A. Effective circulating volume depletion o
B. Renal failure (usually associated with metabolic acidosis)
Increased tubular reabsorption .
Effective circulating volume depletion '
Chioride depletion (also decreases bicarbonate secretion)
Hypokalemia
Hyperaldosteronism

vowp

er “excess” disorders, such as hyponatremi.a
h Na™). In each of these condi-
Iy so high that a defect in renal

i i is is similar to oth
*In this regard, metabolic alkalosis is simi
(too much water), hyperkalemia (too much K™), and edema (.too rr.luc
tions, renal excretory capacity for the retained solqte or water is norma
excretion must be present for the disorder to persist.
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Despite the clear relationship between hypovolemia and increased HCO;3.

reabsorption, the mechanism by which this occurs is incompletely understood.

Micropuncture studies in experimental animals suggest that increased proximal
reabsorption, if it occurs, cannot quantitatively explain the reduction in HCO7
excretion."”! It is probable that this relative lack of change reflects the interaction
of several counterbalancing factors.'® Both angjotensin T1, released in response to
hypovolemia, and the elevated tubular fluid HCO3 concentration increase prox-
imal HCO3_reabsorption—the former by enhancing the activity of the Na*-H™*-
exchanger,'” and the latter by allowing more H' ions to be secreted before
approaching the minimum pH that the proximal tubule can achieve.!>'® On the
other hand, metabolic alkalosis itself decreases the activity of the Nat-H* anti-
porter, an effect that is probably mediated in part by a parallel rise in renal tubular
cell pH."®

The net effect is that the decrease in HCO3 excretion in metabolic alkalosis

associated with volume depletion is primarily due to enhanced net HCOj3 reab-
sorption in the distal nephron.'*13 Secondary hyperaldosteronism may contribute
to this response. Aldosterone directly stimulates the HY-ATPase pump in
the cortical and medullary collecting tubules.'”?® In addition, aldosterone
can indirectly increase net H' secretion (and therefore HCO3 reabsorption) by
promoting Na™ transport in the cortical collecting tubule.?!?? The reabsorption of
cationic Na™ creates a lumen-negative potential difference; this electrical gradient
then promotes H" accumulation in the lumen by minimizing the rate of passive
back-diffusion.

Concurrent CI™ depletion (induced by vomiting or diuretics) and hypokalemia
also appear to play an important role in the increase in distal HCO3 reabsorption.
To the degree that Na® is reabsorbed but CI~ cannot Jollow to dissipate the elec-
trical gradient, there will be a greater increase in luminal negativity and therefore a
greater stimulus to H* secretion.”® The net effect of the almost complete reabsorp-
tion of filtered HCO;3 is the paradoxical finding of an acid urine despite the
presence of extracellular alkalemia.®

These changes are reversed with correction of the fluid and chloride deficits. In
this setting, reversal of the metabolic alkalosis requires increased HCO3 excretion,

a change that is primarily mediated by decreased net HCO3 reabsorption in the
distal nephron.?*

Chloride depletion The above discussion has suggested a central role for volume
depletion in the maintenance of metabolic alkalosis. It has been suggested, how-
ever, that it is C/™ depletion, rather than decreased tissue perfusion, that is actually
of primary importance.'*!'*?* Consistent with this hypothesis is the observation
that repair of the volume deficit by the administration of albumin does not reverse
the increase in distal HCO3 reabsorption and does not correct the alkalosis.!* On
the other hand, the administration of non-Na*-containing CI™ salts (such as
potassium or choline chloride) does not restore normovolemia but does result

in decreased net acid excretion and a reduction in the plasma HCO3 to
normal, 1425
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There are three mechanisms by which ClI~ depletion could perpetuate a meta-

e The activity of the Nat-Kt-2CI™ carrier in the 1uming11 I;?f_mbre;né 19f (tslexz
is primari ‘mined by the availability o
la densa cell is primarily determine e ;
Il?iagciz) Thus, hypochloremia will decrease Cl delngery to t'lllleprrl:,?g;ﬁ
s, resulting i ion. The latter change wi
resulting in less NaCl reabsorption. vill pre
?1?: Siélease o? renin, leading to secondary ‘hyperaldosteromsm and
i d distal H' secretion. _ _
1?ICl::eiifninal H*-ATPase pump in the intercalated cells 1glthe colle_:ctt:u}g
- ° i i i i secretion of CI™ to maintain
tubules is probably associated with passive cosec n o
ity ine in the tubular fluid CI™ concentra I
lectroneutrality.”” A decline in ' . : :
ef:acilitate this process by maximizing the transtubular gradient for Cl
secretion.
o It has been assumed that the ap ]
results from diminished reabsorptio

propriate HCOj3 loss in metabolic alkalosis
n of filtered HCO3. It now appears,
however, that at least some of the urinary HC1C1)3_. istgenve?icf;fa 111Z (igfg
i . . . Or
-etion by a subpopulation of intercalated cells n the ¢ olle
iﬁgl‘j{éoi’; \x)//lﬁch thg I%“L—ATPase pump is located on tlzlgezgasolatelall 1tathei:1r1
than the luminal membrane (sce page 338) (Fig. 18-2).™ t'll"hle ﬁlilﬁals I;;;m—
this process seems to involve CI™ JHCOj3 exchange across the lum

Tubular
lumen
H* ATPase
H,0
< b Sesunm co, + OH™
HCO; cA

i i n
i 18-2 Transport mechanisms involved in the secretion of blcarbox?atf: into lhenuzik.)ulszi;ze; io
o intercalated cells in the cortical collecting tubule. Water within the ce iss o
e e H(; eircdrox | anions. The former are secreted into the pcritub.ular caplllar)t b}.l H—t pase
hydfoge}l 31111 ll))z,isolat}::ral men'lbrane. The hydroxyl anions combine with carb.on dioxide od o
Sicarb e " a reaction catalyzed by carbonic anhydrase (CA). Bicarbonate is then secr;.te e
blcarb(l))n?te 1ll:lmen via chloride-bicarbonate exchangers in the luminal membrane. Th.e zt\;]/:rceu)
Iﬁ:vatll:i l1:2xr1centration gradient for chloride (lumen concentration greater than that in

provides the energy for bicarbonate secretion.
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brane. The energy for this transport is supplied by the highly favorable
inward gradient for CI™, since the cell CI™ concentration is very low.
Lowering the tubular fluid Cl~ concentration in metabolic alkalosis will
diminish this gradient, thereby minimizing the ability to secrete HCO;3.

In summary, the relative roles of volume and CI~ depletion are unresolved.
This issue is not of great clinical importance, however, since the administration of
NaCl will simultaneously correct both problems and allow the excess HCO;3 to be
excreted in the urine (see “Treatment,” below).”?3® This HCOy3 diuresis is pri-
marily due to diminished distal HCO3 reabsorption and/or enhanced distal HCO3
secretion,!3:2428.29

It is important to emphasize that hypovolemia has two separate and indepen-
dent effects in metabolic alkalosis. To the degree that renal HCO3 reabsorption is
enhanced, volume and chloride depletion from any cause will tend to perpetuate
an alkalosis. However, hypovolemia will produce an alkalosis only when the fluid
lost ‘contains an excess of H* ions or an excess of Cl™ in relation to HCO3,
thereby raising the plasma HCO3 concentration by contraction (Fig. 18-1).
Thus, the vomiting or diuretic therapy often induce a metabolic alkalosis, but
bleeding, which is associated with the loss of CI~ and HCOz3 in concentrations
similar to those in the plasma, does not.

Hypokalemia Hypokalemia is a potent stimulus to H™ secretion and HCO3

reabsorption (see Fig. 11-16).3!32 At least three factors may contribute to this
relationship:

o The concurrent intracellular acidosis, induced by transcellular Kt/Ha*
exchange,!? will tend to increase H* secretion.

o There is a second proton pump in the distal nephron, a H"-K*-ATPase that
actively reabsorbs K* as well as secreting H*.>*%° Electroneutrality is main-
tained by H* and K™ movement in opposite directions across the luminal
membrane. Active Kt reabsorption by this pump appears to be appropri-
ately stimulated by hypokalemia, an effect that could also enhance H™
secretion.*>*™* Thus, hypokalemia and aldosterone, which stimulate the
H*-K*-ATPase and H*-ATPase pumps, respectively, appear to have a
potentiating effect on distal hydrogen secretion and therefore on the devel-
opment and maintenance of metabolic alkalosis.*® It is of interest in this
regard that many of the causes of metabolic alkalosis (such as diuretic
therapy, vomiting, and primary hyperaldosteronism) are associated with
both a reduction in the plasma K* concentration and increased aldosterone
release.

e Severe hypokalemia may cause, by an unknown mechanism, a reduction in
chloride reabsorption in the distal nephron.**° As a result, Na*t reabsorp-
tion at this site is associated with a greater luminal electronegativity and
therefore a greater tendency for H* secretion,*
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i 3T rption is
The effect of hypokalemia is relatively small 4v1vhen HCO3t1eta)t(:)soo;glt‘lig1 -
already stimulated by volume depletion (Fig. 1.8—3).1 Itzgg;:gr:xcc; be of priary
i y ever, in states of primary mineralocort; > 28
lrﬁlpmt::?gtclz,-;?)vdvucing adrenal adenoma.®*™ In this set.tlng, aldoste1on§-}nduc:ed
?\Iaisretention is transient, with marked volume expansion an;i eien;are;iﬁg §a+
vented by the phenomenon of aldosterone escape (see page 1_8 ). ts fesu éeple_
intake and excretion are roughly equal, anq it is hypokaleml'fl, n((j) \;gction dople
tion, that is now responsible for perpetuation qf the alkalosis. (ir. s
Il((2L ,deﬁcit returns the plasma HCO3 concentratlor; sg_gvzard zilorma mt ! ; ot exo:
i i ion in the urine™ and, as mos
by decreasing net acid excretion in o xor
lg):rtllcl)usyl(+ enters the cells to replete cellular stores, by movement of H" ions
‘ co 12
into the extracellular fluids.

Respiratory Compensation

i ) X It-
The development of alkalemia is sensed by the 1'esp1rat_01y_chemclgecepg;rsa,vzsglge
ing in a decline in ventilation and an appropria/te e_levatlon 1tni21ihec(l);l.a on Hco;’
i 1.0-meq/L incremen
the Pco, rises 0.7 mmHg for every /! o or 10
ion 4*% if the plasma HCOj3 concentration
tration. Thus, if the p . . 0
z;’;l;/e]il greater than normal), there should be a 7 mmHg increase in the Pco,

-oximately 47 mmHg. . ‘ ' ;
apprOz;Els signiﬁcantly different from this predicted value represent superimpose

iratory acidosis or alkalosis. . . P
reSpl";"tlleorgspi1'atory compensation may be pa.rtlally or compl.eteli gmgzlreegaﬁple
presence of underlying respiratory alkalosis i)r dhyplc));ergl:t.aboﬁc n S a;

i ilur irrhosis fr tly develo :

i th heart failure or cirrhosis frequen velo : y
pall‘::S;tS o“f/ 1diuretic therapy. However, both of these dlsglders ale‘ oftelz tahs:(;m;trz :
3vith a primary respiratory alkalosis (see Chap. 21), which can preven p

i nsatory hypoventilation. . .
PflatI‘j«I Cl())(r)r)l(l;fnia onythe other hand, is generally less likely to affect the? vt?n_tslia;t(zlrlz
res onyse. Hypoventilation will lower the Pg, at the? same .tlmeika? ;Itu ;al oo the
P b 45 However, the hypoxemic stimulation to respiration in alkale 649§> pient
dgg; .not become prominent until the Pg, is below 50 mmHg (see page . ,

=
&
- he fraction

£ — . . _a
§& Figure 18-3 HCOj3 reabsorption as a function of the fr o
25 of the filtered Na* that is reabsorbed and the state o
?,% K balance. HCO3 reabsorption is enlianced by bqth )volu1§§
: io i racti reabsorption) a
§ £ | Norma depletion  (high fractional Na rea
: g - . i iti that therefore can perpetuate
S hypokalemia, conditions .
g " lic alkalosis. (Redrawn form Kurtzman NA, Whne.MG,
= g 1:702, 1973. By permission of
= LSS Rogers PW, Arch Intern Metd .13 ! 1 ] .1973)

Fractional Na* reabsorption the American Medical Association, copyright .
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in the absence of underlying lung disease, the fall in Po, in metabolic alkalosis will
not usually be sufficient to impair the compensatory

response. As a result, the Pco,
in a previously normal subject can exceed 60 mmHg in severe metabolie
alkalosis.

What is less clear is the degree to which the change in res
protects the extracellular pH. Studies in experimental anim
in Pco, in metabolic alkalosis increases net H*
elevates the plasina HCO5 concentration.*’” These
reduction in renal tubular cell pH induced
intracellular acidosis will stimulate H*
HCOj3 concentration. The net effect is th
the same as it would have been if no respira
of equivalent elevations in the extracellu
page 580).4

piration actually
als indicate that the rise
excretion and therefore Jurther
changes probably result from a
by the increment in Pco,; the relative
secretion, thereby raising the plasma
at, after several days, the arterial PH is
fory compensation had occurred, because
lar Pco, and HCO3 concentration (see

ETIOLOGY

Metabolic alkalosis can be produced b
characterized by enhanced HC
depletion (Table 18-1).!!

y a variety of disorders, most of which are
3 reabsorption due to volume, CI7, and/or K*

Gastrointestinal Hydrogen Loss

Removal of gastric secretions Gastric juice contains high concentrations of HC]
and lesser concentrations of KCI. Each milliequivalent of H secreted generates
1meq of HCO3. Under normal conditions, the increase in the plasma HCO3
concentration is only transient, since the entry of the acid into the duodenum
stimulates an equal amount of pancreatic HCO3 secretion.*® However, there is
no stimulus to HCO3 secretion if the gastric juice is removed, either by vomiting
or by nasogastric suction. The net result is an increase in the plasma HCOy
concentration and metabolic alkalosis 234950 The tendency toward alkalosis is
enhanced by the concomitant volume and K+ depletion.

Metabolic alkalosis also can occur after removal of gastric acid secretions in
patients with achlorhydria (little or no gastric acid secretion). In this setting,
contraction (due to the loss of a high CI™ low HCO3 fluid) rather than H* loss
is responsible for the elevation in the plasma HCO3 concentration.

A somewhat similar sequence can be induced by chronic therapy with an
antacid, such as magnesium hydroxide. The hydroxide component buffers gastric
H*, while the magnesium combines with pancreatic HCO3 to form insoluble
magnesium carbonate. If only these reactions occurred, there would be equivalent
H* and HCO;3 loss and no change in acid-base balance. However, some of the
magnesium combines with other constituents in the intestinal lumen, such as fats
and phosphates. As a result, some of the secreted HCOj3 remains soluble and is
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absorbed, leading to a msi11d alkaline load that produces no problems as long as
rena,lrfll;nsltllt(():rcl)rien;:;lilé different in patients with advanced renal faillurt:: \Xgl,?za;‘z
also treated with a cation-exchange resin (Kayexala_te) lfm hypiiléieelrflué.og n
this setting, some of the magnesium binds to the resin, ?Svclin,ci} more HCOs in 2
soluble form in the intestinal lumen and a_ble tQ be absorbed. no rena’ failure is
important in perpetuating the alkalosis, since it prevents excretion

HCO3.

i i Ikaline,
Congenital chloridorrhea Since the enteric fluids below thci stomdal(t:.};ralrez ;1”genim[
diarfhea usually leads to metabolic acidosis. quever, a rare cloP .1 1bs(;r ngential
| chiloridorrhea, is associated with a specific intlesglllal defectn ltI:aCtionle:lhat C[; fon and
, ing i i ~ concentr
3 retion, resulting in a high feca . : . .
I1{L’§):()3 7;,01and a low fecal pH.*"*® Loss of this fluid tends to produce énetaIE;)Ii(Q:
e ) . . . . no .
alkalllz)scilS' a similar problem can occur in some paFlentS_ wglh z(li ggfﬁzgz:l lzted "l
zeni i i i tations in the -
enital chloridorrhea is induced b:y mutal \ | ade
mgoiie which is presumably an intestinal anion transporter or a ;egilrlllte; 1?6 o
Islli)ch agtrar,lsporter.54 Treatment generally consists of a h1gh chlonS fhe o
prevent volume depletion. However, such aItl) appioach ];I(S;e::i:;;a;zsmc severity
i ide malabsorption. De
the diarrhea because of the chlorll ‘ : P
:efcretion with a proton pump inhibitor such as om_eplazole may produce
percent reductions in stool volume and CI™ excretion.

i i ciated
Factitious diarrhea Factitious diarrhea due to laxative atiuse 18 (.)ft'en ais:lsuc;d ated
with metabolic acidosis resulting from .loss of H%(?g ;;:Ollqltamltlﬁs occu.r o
However, many patients develop metabolic alkalos_1s. \ 0\;;
not well l’mderstood, but hypokalemia may play an important role.

Renal Hydrogen Loss

i iti i ith pri-
Mineralocorticoid excess and hypokalem1.a The COn.dltIOIlS assic;;:rllat;i (\;Zscusged
mary mineralocorticoid excess, such as primary hyper aldosteron t a,b ity n
in Chap. 27, since hypokalemia is typically the most prommin normalty
these patients. As described above, aldosterone can prorpoteﬁl d§e5r1 liop and wne
- development of metabolic alkalosis by directly stlmulathg t e dis ah AR
and by making the lumen more electronegatlve via en ah e
plln;501‘ption 19722 These transport processes involve different (.:ells' 1nt ; e ;:1(;1 ey
anc : i i + i curring in the pr
y th Na™ reabsorption oc
nd medullary collecting tubule, wi ' .
f:lells and H' secretion occurring in the mtercalited cells (see Chap.t iSa)1 ein the
Hypokalemia due to concomitant urinary K los§ plg)‘;(s)jgl ;:FSIE?L eetion i
i i is in this setting.”
maintenance of the metabphc alkalo'sm in i T and only & v olova,
prevented, there is a lesser increment in n::zt H™ excre
ion i e plasma HCO3 concentration. ' v
tlOnli“rcl)rt t:hef)se effects on H™ and K™ secretion to occur, there musthﬁe_ aicie;]lt(l)ctl ‘
i S
delivery of Nat and water to the distal secretory site (see page 184). Thi
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problem in primary hyperaldosteronism, in which the patient tends to be mildly
volume-expanded due to the stimulus to distal Na* retention. However, dista]
delivery is reduced in patients with effective circulating volume depletion. As g
result, the associated secondary hyperaldosteronism does not lead to excessive [+
and K* loss.?>%8 Thus, uncomplicated patients with heart failure o cirrhosis
typically have a normal K+ concentration and are not alkalemic. Howe

kalemia and metabolic alkalosis may rapidly ensue if distal delivery is en
the administration of diuretics,

ver, hypo-
hanced by

Diuretics The loop and thiazide-type diuretics are commonly associated with
metabolic alkalosis, the severity of which varies directly with the degree of diuresis,
Both volume contraction and, more importantly, increased urinary H* loss con-
tribute to this problem. 6% The latter is primarily due to enhanced distal g+

Posthypercapnic alkalosis Chronic respiratory acidosis is associated with a com-
pensatory increase in H* secretion and therefore in renal HCO;3 reabsorption (see
Chap. 20).®° This Iepresents an appropriate response, since the rise in the plasma
HCOg3 concentration returns the extracellular pH toward normal. The net effect is
that acidemia is not a major problem in uncomplicated patients.

Treatment with mechanical ventilation in this disorder can lead to a rapid
reduction in the Pco,. The plasma HCO3 concentration, however, will remain
elevated, resulting in the development of metabolic alkalosis and, because of the
fall in Pgg,, an acute rise in cerebral pH that can produce serious neurologic
abnormalities and death.5! Asg a result, the Pco, should be lowered slowly and
carefully in patients with chronic hypercapnia; there is no need for ra
since the extracellular pH is generally well protected,5

Several factors may contribute to maintenance of the alkalosis in this setting.
Initially, there may be a “memory” effect, as the hypercapnia-induced stimulation
of HCOy reabsorption persists even though the Pco, has been returned toward
normal.®? How this occurs is not clear; however, the original increment in
H* secretion takes 3 to 5 days to reach its maximum level,* and reversal
of this process may be equally slow. Chronic respiratory acidosis is also associated
with both hypoxemia (which can lead to renal vasoconstriction)®® and I~ loss
in the urine, resulting in hypochloremia and volume depletion.** Increased
cosecretion of Cl~ with the distal H*-ATPase pump may be in part responsible

for the chloruresis.?’ As a result, a posthypercapnic alkalosis will tend to persist
until CI” balance is restored,®

pid lowering,

Low chloride intake Metabolic alkalosis may be induced in infants by the inad-
vertent administration of formula containing Na* but almost no CI™.% The ensu-
ing CI” depletion diminishes the amount of CI” in the tubular lumen, which can
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promote the development of metabolic alkalosis by two mechanisms: Tubular
Na*t reabsorption must occur in exchange for HY (or K*), since less Cl™ is
available,”?® and there is a more favorable gradient for Cl~ to be cosecreted
into the lumen with H* by the H*-ATPase pump.?’ Once the alkalosis has devel-
oped, the decrease in CI~ delivery will, as noted above, contribute to perpetuation
of the high plasma HCOj3 concentration by impairing HCO3 secretion.?®

High-dose carbenicillin or penicillin A similar problem can occur with the intra-
venous administration of high doses of Na™ carbenicillin or some other penicillin
derivatives.®*®" Intravenous carbenicillin, for example, contains 4.7 meq/g of Na*,
or 141 meq if 30 g is given. As the Nat carbenicillin is filtered, carbenicillin acts as
a nonreabsorbable anion. Consequently, some distal Na™ reabsorption must occur
in exchange for K* and H™, resulting in hypokalemia and metabolic alkalosis.®®
"The relatively low tubular fluid Cl~ concentration in this setting also may play a

contributory role.

Hypercalcemia Renal H* secretion and HCOj reabsorption are increased by
hypercalcemia,®”® possibly leading to a mild metabolic alkalosis.”" Both the
mechanism by which this might occur and the role of concurrent changes in
parathyroid hormone (PTH) secretion are unclear. Patients with primary hyper-
parathyroidism tend to have a mild metabolic acidosis, a change that has been
thought to result from a decrease in proximal HCO3 reabsorption.”” However,
some other factor may be important in this setting, since the chronic continuous
administration of PTH to normal humans increases net acid excretion and pro-
duces a small elevation, not a reduction, in the plasma HCOj3 concentration.
Regardiess of the mechanism, similar factors probably contribute in the milk-
alkali syndrome, in which the chronic ingestion of milk and/or calcium carbonate-
containing antacids leads to hypercalcemia and metabolic alkalosis.” " The car-
bonate load raises the plasma HCOj; concentration, while the combination of
hypercalcemia and renal insufficiency (which is mostly due to the hypercalcemia)
prevents the urinary excretion of the excess HCO3_.75 The most common cause at
present is the administration of calcium carbonate as a phosphate binder to

patients with chronic renal failure.”®

Intracellular Shift of Hydrogen

Hypokalemia Hypokalemia is a frequent finding in patients with metabolic alka-
losis. This association is due to several factors: (1) The common causes of meta-
bolic alkalosis (vomiting, diuretics, mineralocorticoid excess) directly induce both
H*t and K™ loss, (2) hypokalemia causes a transcellular shift in which K leaves
and H* enters the cells, thereby raising the extracellular pH,"? and (3) hypokale-
mia increases net acid excretion and HCO3 reabsorption,**>%™2 an effect that is
probably due in part to the associated intracellular acidosis.
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Refeeding Patients who are refed carbohydrate after a

develop metabolic alkalosis.”’ Since there is neither e fast can Aostely

volume contraction nor a
as been proposed that an

intracellula i + i
1 shift of H* may be responsible. The mechanism by which this

R f i g i SO aSS()Cia'e(l Wi“l a Ie'ellllﬁll WI][(:]] |||ay I)e res ()nslbl f
c ee(l”l 1S al N i Y i p i €
or

perpetuation of the alkalosis.”” Inc i
J _ . reased secretion of insulj i ;
carbohydrate Ingestion, may contribute to this response P resulting from the

Retention of Bicarbonate

Adminj i i i
nistration of organic anions Organic anions, such as lact

metabolized in the body to HCO5.” For example ate, are rapidly

CH3CHOHCOO_(1actate) +30, —  2CO0,+ 2H,0 + HCO;
3

The same is true for acetate,

i . . .
the keton itrate, and, in the presence of insulin, the anions of

Citrate-i ;
heparin Se :Illduci'd alkalosis .also may occur when citrate is used in place of
bleading 8 Tn this s e 2t i hemodialysis patients who arc at high risk for
. Ing, the rise in the plasma HCO7 ¢ : .
for several days because of the absence of renal funct3iononcentmUOn Ay persist

m laCl C ac d()s et()a (1() W € O ou ()'g eD]aCF(l
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i ) X sult
during the initial buffering reaction by lactate or ﬂ-hy@roxybutylac;e: 1A;1 : Sii Illle),
there is no loss of potential HCO3 (excluding those anions Excrete ; }il the urine ,
since the organic anion can be metabolized back to HCO; once the ying

bnormality is corrected. . - L
" The nez effect is that the administration of HCO3 in these dls?1dellks | (():;iesatfz
an excess of potential HCO3, leading to a post—corre}(lstllcin nlletabo I:Ic élo_a conc.en
i hed 7.90, with the plasma 3 en-
treme cases, the systemic pH has reac .90, witl

ft:;(ation exceeding 60 to 70 meq/L, after the indiscriminate use of NaH%fh rr?;rsllr‘l,i
cardiopulmonary resuscitation.®® A similar prob'lem can (.)cculc(v)vi massiv
NaHCO; ingestion as long as there is an underlying defect in HCOj3 ex ,

. . 4

such as renal insufficiency.®

Contraction Alkalosis

The mechanism of a contraction alkalosis, in Whif,? Ne}Cl an:icgzritmm‘o 311;: :;S;
i 3, 181 in Fig. 18-1. This problem is mos ¢
without HCOj, is illustrated in Flg,.5 : O vomniting
i jazi i ics:® it can, however also occur wi ]
with loop or thiazide-type diuretics; R , - et e st

i i i hlorhydria, in whom NaCl replaces .
e et oy Ny is (wher t Cl~ concentration can exceed
-ctions) or with cystic fibrosis (where the sweat CI”

;T)lect)lolnog megq/L, while the HCO3 concentration is well below that of the
85 o
plaSIII;azile absence of massive fluid losses, the direct effect of COlltl‘E.lCtIOI;l is lellriiz
minimized by the release of H' from cell buffers, thereby lowering the pla

. .6
HCOj concentration toward normal:

HCO; + HBuf — Buf” +H,CO3; — CO;+ H,0

Thus, with diuretic therapy or vomiting, it is the urin_aryuc()r1ga_str60ril£1;eslt1111;?(l)$(::s§:
’ ‘e primarily r ible for the metabolic alkalosis. e :
f H* that are primarily responsible : . o
?ribution of volume contraction is in maintenance of the alkalosis by preventing
excretion of the excess HCOj in the urine.

SYMPTOMS

. . S
Patients with metabolic alkalosis may be asymptomelmc or cormr))l(;asltr:1 faflsg?;;fer;)
ither i kness, muscle cramps,
related either to volume depletion (wez.\ , 2 e
i i lydipsia, muscle weakness). Comp
or to hypokalemia (polyuria, poly . s direet
i r, ar Paresthesias, carpopedal spasm,
lated to alkalemia, however, are uncor_nrnon. ' :
:;3 light-headedness occur in acute respiratory alkalots)lsbllaut allrct‘, Zec:g trﬁ:(j;g::z
i i is. This difference is probably relate
frequently in metabolic alkalosis. 3 ‘ 1o the degrne
is i - : HCOg3, a polar compound,
f alkalosis in the central nervous system aj s e
glood—brain barrier much more slowly than the lipid-soluble CO,, producing

idosi idosi i in Chaps.
* The indications for the use of HCOj7 in lactic acidosis and ketoacidosis are discussed in p

19 and 25.
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lesser increase in the cerebrospinal fluid pH.% Thus, the potentially severe neuro-
logic abnormalities that may be seen in posthypercapnic alkalosis®® are probably
due to the sudden fall in Pco,, not the persistent elevation in the plasma HCO5
concentration.

The physical examination is not usually helpful, revealing only signs of
volume depletion, such as reduced skin turgor, low estimated jugular venous
pressure, and postural hypotension, in selected cases. There may, however, be
relatively specific findings in patients with self-induced vomiting. These include
ulcers, calluses, and scarring on the dorsum of the hand; dental erosions due to

chronic exposure to the acid gastric secretions; and puffy cheeks resulting from
hypertrophy of the salivary glands,*

DIAGNOSIS

The etiology of metabolic alkalosis almost always is obtainable from the history. If
there is no pertinent history, then the most likely diagnoses are surreptitious vomit-
ing or diuretic ingestion or one of the causes of mineralocorticoid excess. The urine

ClI™ concentration can be helpful in differentiating between these conditions
(Table 18-3),

Urine Chloride Concentration

The combination of hypovolemia and hypochloremia in patients with vomiting or
cystic fibrosis or those taking diuretics should induce maximum renal Cl™ con-
servation, usually lowering the urine Cl™ concentration to less than 25 meq/L.
(This excludes the period during which the diuretic is acting, when Cl™ excretion is
elevated.) These patients may also show the physical findings of volume depletion
or of self-induced vomiting described above. In contrast, the signs of hypovolemia
are absent and the urine Cl™ concentration exceeds 40 meq/L in patients with
mineralocorticoid excess or alkali loading, who are generally volume-expanded
and in whom CI™ excretion is equal to intake.

Metabolic alkalosis is the major clinical setting in which the urine CI~ con-
centration may be a more accurate estimate of volume status than is the urine Na*

Table 18-3 Urine CI™ concentration in patients with metabolic alkalosis

Less than 25 meq/L Greater than 40 meq/L

Vomiting or nasogastric suction
Diuretics (late)

Factitious diarrhea
Posthypercapnia

Cystic fibrosis

Low chloride intake

Primary mineralocorticoid excess

Diuretics (early)

Alkali load (bicarbonate or other organic anion)
Bartter’s or Gitelman’s syndrome

Severe hypokalemia (plasma K < 2.0 meq/L
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concentration.’ Although hypovolemia leads to Na' retention, this may be coun-
teracted by the necessity for Na* to be excreted with the excess HCO;3. As
depicted in Fig. 18-3, the maximum reabsorptive capacity for HCO3 may be
markedly increased by volume depletion and the associated Nat retention. This
response, however, takes 3 to 4 days to reach completion, leading to variability in
the urinary findings (Table 18-4).23'49

In the first few days of vomiting, there is a high filtered HCO3 concentration
and hyperaldosteronism but an inability to maximally conserve HCO;3. As a
result, some of the excess HCOj3 is delivered out of the proximal tubule as
NaHCO,, and some of this Na" is then exchanged for K™ in the cortical collecting
tubule under the influence of aldosterone. The net effect is relatively high rates of
Na*, K*, and HCOj excretion, the latter leading to an alkaline urine pH. The
urinary loss of potentially large amounts of K™ during this early period is primar-
ily responsible for the K™ depletion that commonly occurs with persistent or
massive vomiting; gastric losses play a lesser role, since Kt concentration in
gastric secretions is only 5 to 10 meq/L. The urine Cl™ concentration is appro-
priately reduced at this time, the only urinary sign pointing toward hypovolemia.

The urinary chemistries change dramatically once HCO3 reabsorptive capa-
city increases sufficiently to reabsorb all of the filtered HCO3 .2 At this time,
excretion of Na™, K, HCOj3, and Cl~ are all reduced, and there is a paradoxi-
cally acid urine pH (Table 18-4). This late phase is dependent upon volume and
CI~ depletion being severe enough to allow all of the filtered HCOj3' to be reab-
sorbed. Some patients ingest enough NaCl so that the filtered HCO; concentra-
tion remains above reabsorptive capacity, leading to persistent urinary changes
similar to those in the early phase. Again, it is the low urine CI™ concentration that
will point toward the correct diagnosis.

The urine Cl~ concentration may not be useful in patients who are unable to
maximally conserve Cl~ because of a defect in tubular reabsorption. This abnorm-
ality may occur with renal insufficiency or with severe hypokalemia (plasma K*
concentration below 2.0 meq/L), in which distal CI™ reabsorption appears to be
i1npaired.39’40'88 In these settings, the urine Cl~ concentration may be elevated
despite the presence of volume depletion.

Metabolic Alkalosis versus Respiratory Acidosis

An elevated plasma HCOj3 concentration, hypercapnia, and hypoxemia all may be
found in chronic respiratory acidosis as well as in metabolic alkalosis (see Chap.

Table 18-4 Variation in urine electrolytes with vomiting

Time [Na*] [K*] [C17] [HCO3] pH
Days 1-3 0 0 J 1 > 6.5
Late 4 4 3 J <55
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20). I.f uncomplicated, these disorders can be easily differentiated by measuri

a1:ter1al pH. .However, this distinction becomes more difficult when the rlng.the
with underlying chronic lung disease develops a superimposed metabolic all?altle'nt
As an example, consider the following case history: osis.

Case History 18-1 A 45-year-old man with a long smoking history reports |

g S n

pH = 7.49
Pco, = 55 mmHg
[HCO3] = 40 meq/L
Pep, = 68 mmHg

Comment. . The high P, is compatible with either an appropriate respirator
compensation t.o metabolic alkalosis or underlying lung disease in this chronic}:]
smoker._The simplest way to establish the correct diagnosis is to treat the
metabphc alkalosis and follow the Prq , which should return to normal if
there is no impairment in pulmonary fUIZlCtion. o

It also may be helpful in selected cases to cal
. culate the alveolar- i
(a-a) oxygen gradient (see page 663):% velararterial

(A-a) 02 gradient = PIO2 — I-ZSPCOZ — P302
= 150 — (1.25 x 55) - 68
= 13mmHg

where P1g, refers to the partial pressure of oxygen in the inspired air
(150 mmHg at sea level) and Pag, is the partial pressure of oxygen in arterial
blood. A normal (A-a) O, gradient suggests that phlmonary function is normal
and that this‘ patient has a pure metabolic alkalosis. However, the converse is
not necessarily true. An increased gradient is not diagnostic of ,chronic respira-

tgry acidosis, since it can be seen in many acute and chronic pulmonary
diseases not associated with CO, retention.

TREATMENT

Metabolic all(alosi.s can be corrected most easily be the urinary excretion of the
excess HCO3. This does not occur spontaneously because, in the patient with
relatively normal renal function, volume, CI™, and/or K“,L depletion leads to
enhanced pet HCO3 reabsorption.”!! Therefore, the aim of therapy is to repair
these deficits, which will have two beneficial effects: a decrease in HCO7 reabscr:r -
tion, thereby allowing the excess HCOj3 to be excreted, and, with K* ;epletion pa
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direct reduction in the plasma HCOj3 concentration becaus'e of th:c reciprocal s.hi.ft
of K* into and H* out of the cells."? As will be seen, this requires the adminis-
tration of ClI”, as NaCl, KCI, or HC1.3%909 ‘ _ o

Treatment should also be directed at the underlying disease and at d'1m1n1st'11ng
further H loss. In patients with continued vomiting or nasogagtru_: §uct10n,
for example, the administration of an H2-blo.cker9 2or proton pump inhibitor can
markedly reduce the rate of gastric HY secretion.

Saline-Responsive Alkalosis

The most common causes of metabolic alkalosis are vomiting, nasoge_lstric suction,
and diuretic therapy. In these disorders (and with posthype;rcapma and a 10‘.”
chloride intake), the increase in HCO3 reabsorption t':hat maintains the alkalosis
can be reversed by the oral or intravenous admi;%i%rga}tlon. of NgCl and water, e.g.,
as half-isotonic or isotonic saline (Table 18-5).”"" This regimen can lower the
plasma HCOj concentration in three ways:

o By reversal of the contraction component. . -
e By removing the stimulus to renal Na® retention, thereby permitting
NaHCO; excretion in the urine. . ~ onin
o By increasing distal C!~ delivery, which will promote HC.O3 secretion in the
cortical collecting tubule. Studies in experimental am.mals suggest that
increased HCOj3 secretion is the primary factor res%onmble for the correc-

tive bicarbonaturia following NaCl administration.

The therapeutic effectiveness of this regimen can be follow;d at the bedside by
measuring the urine pH. The urine pH is often below 5.5 prior to therapy as a
result of enhanced H* secretion. However, when volume an.d Cl replacement are
sufficient to allow the excess HCOj3 to be excreted, the urlne.pH will exceed 7.0
and occasionally 8.0. The urine CI~ concentration will remain below 25 meq/L

il the CI™ is corrected. o '
untlThe efficacy of fluid repletion is dependent upon the+ administration of Na*
with the only reabsorbable anion, CI~.2%% As this Na ente.rs the glomerular
filtrate, it is reabsorbed with Cl~, resulting in volume expansion. The outcome

Table 18-5 Causes of metabolic alkalosis according to saline
responsiveness

Saline-responsive Saline-resistant

Vomiting or nasogastric suction Edematous states
Diuretics Mineralocorticoid excess
Posthypercapnia Severe hypokalemia
Low chloride intake Renal failure

: ) — |
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is different if Na* is given with an impermeant anion, such as SO3~. Reabsorption
of this Na* in the distal nephron must now be accompanied by H* (or K*)
secretion to maintain electroneutrality.”® The resulting increase in H* secretion
will generate more HCO3 in the plasma, leading to exacerbation of the alkalosis,

Although adequate NaCl repletion will usually normalize the plasma HCO3y
concentration, it will not reverse any K* depletion that might be present. As with
Na™, the administration of Kt with any anion other than CI~ results in an
increase in H* sécretion, preventing correction of the alkalosis.’®** This is impor-
tant clinically, since many of the commercial K+ supplements contain HCO;3,
acetate, or citrate. Only KCl will be effective.

The requirement for Cl™ replacement also applies to those patients who are
treated with an acid infusion (see below). HCI will be effective, because the initial
buffering of the excess acid will generate NaCl:

HCI+NaHCO; — NaCl+H,CO; - CO; + H,0 (18-1)
In comparison, the administration of nitric acid will generate NaNO;:
HNO; + NaHCO; - NaNO; + H,CO; - CO, +H,0

The delivery of this Na* to the distal nephron with impermeant NO3 will again
increase distal H" secretion.”® The net effect is excretion of the administered acid
and persistence of the alkalosis.

With the exception of patients with hypotension, shock, or severe associated
electrolyte disturbances, gradual saline or half-isotonic saline repletion is prefer-
able, since it will restore normovolemia while minimizing the risk of volume over-
load and pulmonary edema. The optimal rate of fluid replacement is somewhat
arbitrary. A regimen that has been successful is the infusion of the appropriate
replacement fluid at the rate of 50 to 100 mL/h in excess of the sum of the urine
‘output, estimated insensible losses (approximately 30 to 50 mL/h), and any other
losses that may be present (such as diarrhea or tube drainage).

Saline-Resistant Alkalosis

The administration of saline is occasionally ineffective in correcting the alkalosis.
This typically occurs in edematous states and in those disorders in which K*

depletion, not hypovolemia, is responsible for perpetuation of the alkalosis
(Table 18-5).

Edematous states Patients with heart failure, cirthosis, or the nephrotic syn-
drome often develop metabolic alkalosis following diuretic therapy. Both a reduc-
tion in the effective circulating volume, leading to Na'-avidity, and renal
insufficiency can contribute to the inability to excrete the excess HCOJ in these
disorders. However, the administration of saline is not indicated, since it will
increase the degree of edema, perhaps precipitating pulmonary edema in the
presence of heart failure. Corrective therapy consists of withholding diuretics
if possible, acetazolamide, HCI, or dialysis.
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Acetazolamide (250 to 375 mg, once or twige a day, given orlally f;tigﬁr;
venously) is a carbonic anhydrase inhibitor that increases thefrfnathelxcb()th o
NaHCO; (see Chap. 15).7%°7 This serves the d'ual_purp.ose of trea gstates e
edema and the alkalosis. As with the use of saline in sahne-rgspon.swe " w,hiCh
efficacy of acetazolamide can be assesse_d by mom.tormg ;1 e ur(line Kp+ :b which
should exceed 7.0 if HCOj3 excretion is substant.lally enhanced. - belars
must be carefully followed, since acetazolamide increases urinary

. 97
excrit:(:tlézolamide can also be used in edematous pa.tients with cor .pullmclma.ii; a(t)lrd_
chronic hypercapnia.%‘99 Correction of the; alglaler(llnarrer:;}; :;5:;2?9?{[ 3{1 éreI; >
tant in this setting, since the rise in pH can further depress " tk.l tranSient,
‘wever, some potential problems, as acetazolamide can induce oth a tra ,
?li)rther elevation in the Pco, (usually 3 to 7 rrimHg) and marklg(()i,lglclgimg ;fc ::Irlgz
is an excessive reduction in the plasma HCO; conce_nt.ratlon.. , te cracerbi
tion of the hypercapnia, which is genera.lly n(;)t (:llllsrllcflfllllllz :rlllzp;;lrlearé;talyzes o
ial inhibition of carbonic anhydrase in red cells.
i?/fitrlii;?lhg?g()i to H,CO;, a rea)étion that is essential for CO, transport by the
red cells and therefore for the elimination of COZ. by the Iungs. HClean
If acetazolamide is ineffective and the alkalem{a 1slg%?gerately severe,t Clean
be used to lower the plasma HCOj3 concentration. " The ein:ougl ] oHCO_
required to normalize the plasma HCO3 concentration is equal to 3
excess, which can be estimated from

HCOj3 excess = HCO3 space x HCO3 excess per liter

In metabolic alkalosis, the HCOj space is approximate%y SQ percent o]f tt};f Illean
body weight.!% If the normal plasma HCO3 concentration Is 24 meq/L, the

HCOj5 excess = 0.5 x lean body weight (kg) x (plasma [HCO3] — 24)
Thus, in a 60-kg patient with a plasma HCOj3 concentration of 40 meq/L,

HCOj5 excess = 0.5 x 60 x (40 — 24)
= 480 meq

It should be noted that this formula una’eresrimar_es the acid requlrementa:tfr ii
patient in a nonsteady state. As an example, continued lossE:s from nasog
suction must be added on to the initial estirgate of the HCOj3 ex;:c;;i. p—
HCl is usually given as an isotonic s%lzltlc_)n (150 meq each o Ta 4o
1liter of distilled water) over 8 to 24 hth Slnce. HCl is very corrsmv;:{, i shoulc
be infused into a major vein, such as the sub'clav1an or femoral vein. i é)vSvOluti;n
peripheral vein can be safely use<}0i3f the HCl is buffered in an amino ac
i with a fat emulsion. _ _
and Xﬁﬁfnium chloride and arginine hydrochloride, which result '1anth fzirglta—
tion of HCI, should not be given, since they may leaq t.o applr.ema. ) ; :nsui g’g
Ammonium chloride is converted into HCI and ammonia in the liver; the
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accumulation of ammonia makes this drug contraindicated in patients with
advanced liver disease. Furthermore, an ammonia-related metabolic encephalo-
pathy, characterized by lethargy and coma, may occur even in patients with nor-
mal hepatic and renal function.'®® Arginine hydrochloride, on the other hand, can
induce potentially life-threatening hyperkalemia.!%!7 This effect is thought to
result from the movement of cellular potassium into the extracellular fluid as
the cationic arginine enters the cells.

Mineralocorticoid excess States of primary mineralocorticoid excess are charac-
terized by mild volume expansion and a rate of urinary Na't excretion that is equal
to intake (due to aldosterone escape; see page 185). The alkalosis in this setting
is resistant to saline, since neither renal Na® avidity nor CI~ depletion is the
limiting factor in HCOj excretion.*’ In contrast, it is the combination of hypo-
kalemia and hypersecretion of aldosterone that is responsible for perpetuation
of the alkalosis.”!%*'"*2 Correction of the hypokalemia tends to lower the plasma
HCOj concentration in two ways:*! by allowing increased HCO3 excretion and
by causing H* ions to move out of the cells into the extracellular fluid, 2

Successful treatment requires the restoration of normal mineralocorticoid
activity (see Chap. 27). This can be achieved by surgical removal of an adrenal
adenoma or by the use of a K*-sparing diuretic, such as amiloride or the aldo-
sterone antagonist spironolactone.'%

Severe hypokalemia Patients with metabolic alkalosis and hypovolemia may be
resistant to saline therapy in the presence of severe K+ depletion.® In this setting,
the total K* deficit usually is greater than 800 to 1000 meq, the plasma K*
concentration generally is less than 2.0 meq/L, and the urine ClI™ concentration
exceeds 15 meq/L despite the presence of volume depletion. This defect in CI~
conservation, which appears to be due to diminished distal Cl~ reabsorption,*
may explain the negative response to saline. If Cl™ reabsorption is impaired and
the availability of K* for exchange with Na™ is limited, then Na* reabsorption
must be accompanied by increased H* secretion and HCOj reabsorption,*’
thereby preventing a HCOj diuresis. Diminished CI™ reabsorption could also
impair corrective HCO3 secretion in the cortical collecting tubule, a process
that appears to be mediated by CI~/HCO3 exchange.

These effects of severe hypokalemia are readily reversible. The replacement
of only one-half of the K¥ deficit will normalize CI™ reabsorption and restore

saline responsiveness, as the administration of saline will now correct the
alkalosis %

Renal failure Rarely, a patient with renal failure develops metabolic alkalosis,
usually as a result of marked gastric losses by nasogastric suction. In this setting,
either HCl or dialysis can be used if the alkalemia is severe.!® However, a special,
low-buffer dialysis solution must be used, since normal solutions contain 35 to 40

meq/L of bicarbonate or an organic anion (such as acetate), which generates
HCOj3 when metabolized.'®”
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Pco, = 53 mmHg [CIT] 3 meq/L

(a) How would you treat this patient?

Twenty-four hours after appropriate therapy has been started, the plasma H
30 meq/L. The following urinary values are obtained:

CO; concentration is

Urine [Nat] = 100 meq/L
[K*] =20 meq/L
[C1I"] = 3 meq/L

(b) How do you account for the discrepancy between the high urine Nat concentration and the
low urine CI~ concentration? :
18-3 A 22-year-old woman complains of easy fatigability an(.l weak.ness for 1 year. She has no oEr lt:;
symptoms. The physical examination is unremarkable, including a normal blood pressure.

following laboratory tests have been repeatedly present during this time:

¥

| frmemp——r—— e

Plasma [Na*] = 141 meq/L
{K*]= 2.1 meq/L
[CI7] = 85 meq/L
[HCO3] = 45 meg/L
Urine [Nat] = 80 meq/day
[K+] = 170 meq/day

(a) What is the differential diagnosis?
(b) What test would you order next?
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The introduction to acid-base disorders in C.ha.p. 17.81'10111(1' be read bet}";)re (E)tr;—
ceeding with this discussion. Metabolic acidos1+s isa chmcal. dlsturbarcllce cdarlaasma
ized by a low arterial pH (or an increased H congenFratlon), 181' reduce dgcrease
HCOj concentration, and compensatory hyper'ventllatxon, resu ting (11n a jecrease
in the Pco,. A low plasma HCOj concentration, however, is not' 1atgn stic &
metabolic acidosis, since it also results from thg rer_lal compens?)tlon 0 cement
respiratory alkalosis. These disorders can be eaislly dlfferen.tlated y measEror N
of the arterial pH. In addition, a plasma HCOj concentration of 10 meq/ Lo less
is indicative of metabolic acidosis, as the ren.al compensat_lon to (cjﬁrom;l)yp
capnia does not produce this degree of hypobicarbonatremia (see Chap. 21).

PATHOPHYSIOLOGY

From the reaction of H' with the primary extracellular buffer, HCOs3.

H'+HCO; <« H,CO; <« CO,+H,0 (19-1)
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it can be appreciated that metabolic acidosis can be produced in two ways: by the
addition of H* ions or by the loss of HCOy3 ions. The latter increases the extra-
cellular H* concentration by driving the buffering reaction to the left.

Response to an Acid Load

The response of the body to an increase in the arterial H+ concentration involves
four processes (see Chaps. 10 and 11): extracellular buffering, intracellular and
bone buffering, respiratory compensation, and the renal excretion of the H load.
The first three act to minimize the increase in H' concentration until the kidneys
restore acid-base balance by eliminating the excess H" in the urine. Since each
of these processes has important clinical implications, they will be considered
separately.

Extracellular buffering Because of its high concentration, HCO3 is the most
important buffer in the extracellular fluid. The ability of HCO3 to prevent large
changes in the arterial pH (or H* concentration) can be appreciated if we use the
law of mass action to express the relationship between H*, HCO3, and Pco, (see
page 308):

+1_ PC02
[H'] =24 x m (19-2)

If the normal Pco, is 40 mmHg and the plasma HCO3 concentration is 24 meq/L
(equal to 24 mmol/L), then

40

24

= 40nanoeq/L

[H*]=24 x

(pH = 7.40)

Let us assume that 12 meq of H* is added to each liter of the extracellular fluid. As
this H* is buffered by HCOg3, the plasma HCO3 concentration will fall from 24 to
12 meq/L. If the P¢o, remains constant,

40
+1
[H'] =24 x =

= 80 nanoeq/L (pH =17.10)

Even though 12 meq (or 12 million nanoeq) of H* has been added to each liter, the
free H* concentration has increased by only 40 nanoeq/L or 40 x 10~ meq/L.
Thus, more than 99.99 percent of the extra H* ions has been taken up by HCO3,
thereby preventing the H* concentration from exceeding 160 nanoeq/L (pH equals
6.80), the highest level that is generally compatible with life.

Intracellular buffering and the plasma potassium concentration H* ions also are
able to enter the cells and be taken up by the cell and bone buffers, including
proteins, phosphates, and bone carbonate:
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HY*+Pr~ <« HPr

On the average, 55 to 60 percent of an acid load will eve_ntually be bqffereg by the
cells and bone, although higher values may occur with severe a01dem1'a.when
extracellular HCOj3 stores are markedly reduced.'” .As a result, the addition o_f
12 meq of H' to each liter of extracellular fluid will lower the plasma HCO3_
concentration by 5 meq/L or less, not by 12 meq/L. If the new plasma HCOj3;
concentration is 19 meq/L and the Pco, remains at 40 mmHg, then

40

+1 _
[H] =24 x5

= 5lnanoeq/L  (pH =7.29)

Thus, the contribution of cellular and bone buffers results in better maintenance of
the extracellular H concentration than was seen above when only extracellular
HCOj5 buffering was available (pH = 7.10). . _ .

The intracellular entry of H' ions in metabolic acidosis is assoc1a.ted4}2 part
with the movement of K out of the cells to maintain electronfzutrahty.‘ This
response leads to a variable rise in the plasr_na K" concentration that is most
prominent in those forms of metabolic acid051s. that arcse due to an excess .of non-
organic acid, as occurs with renal failure or diarrhea.” In the latter sethg, -the
plasma K* concentration may be below normal as a .result of concurrent ¥ntest’m21
losses, but it is still higher than it would have been in the al?sence pf ac1dem1a..

For reasons that are incompletely understood, the fall in pH in the organic
acidosis (such as ketoacidosis, lactic acidosis, or that followh}g7 gertam mgestlc_)ng)
seems to have little effect on K* distribution (see page 379).”" Hyperkale_mla is
often present in these disorders, but is primarily due to other factgrs. .In d1a_bet1c
ketoacidosis and nonketotic hyperglycemia, for example, the comblpatlon' of insu-
lin deficiency (which retards K* entry into cells) and hyperglycemia (which pu_lls
water and, by solvent drag, K* out of the cells) frequently lead's to hyperkalemle}é
despite usually marked K* depletion due to urinary and gast'romtestl.nal loss'es.
Correction of these problems with insulin therapy results in a rap1d+fa11 in the
plasma K* concentration, thereby unmasking the .trl'le state of K balapce.
Hyperkalemia can also occur in lactic acidosis, but 1't is (_1ue to hypoperfusion-
induced tissue breakdown and renal failure, not to acidemia.

Respiratory compensation Metabolic acido:sis 'stimulates‘bot}.l the c.entral agd
peripheral chemoreceptors controlling resplrat'lon, resulitmg in an increase 1Hn
alveolar ventilation. The ensuing fall in P¢g, will then raise the extracellular P
toward normal. This increase in ventilation begins within 1 to 2 h and reas:hes. its
maximum level at 12 to 24 h.!° It js characterized more by an increase in tidal
volume than by an increase in respiratory rate, and may, if the ac1dem1a} is lsleverc'e,
reach a maximum of as much as 30 L/min (norma}l ec.luals. 5 to 6 L/min)."" This
degree of hyperventilation (called Kussmaul’s resplr.atlon) is usua%ly apparelit.on
physical examination and should alert the physician to a possible underlying
metabolic acidosis.
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Studies in otherwise normal patients with metabolic acidosis have revealed
that, on the average, the Pco, will fall 1.2 mmHg for every 1 .0-meq/L reduction in
the plasma HCO3 concentration down to a minimum P, of 10 to 15 mmHg.'?
Suppose, for example, that an acid load lowers the plasma HCOj concentration to
9 meq/L. This decrease of 15 meq/L should be associated with an 18 mmHg
(15 x 1.2) fall in the Pgg, to approximately 22 mmHg (pH equals 7.23). Thus,
in pure metabolic acidosis with a plasma HCO3 concentration of 9 meq/L, the
normal Pcg, is roughly 22 mmHg, not 40 mmHg.

Values substantially different from the predicted Pco, represent mixed acid-
base disorders (Table 19-1). Thus, a “normal” Pco, of 40 mmHg (pH equals 6.98)
in this setting is indicative of a combined metabolic and respiratory acidosis, as
might occur in a patient with chronic lung disease. On the other hand, a lower than
expected Pcp, of 15 mmHg (pH equals 7.40) suggests a combined metabolic
acidosis and respiratory alkalosis, as might be seen with salicylate intoxication
(see below).

Although compensatory hyperventilation minimizes the degree of acidemia,
this protective effect appears to last for only a few days. This limitation occurs
because the fall in Pco, directly lowers renal HCO3 reabsorption, resulting in
HCOj loss in the urine and a further reduction in the plasma HCO; con-
centration.” It is thought that these changes reflect a hypocapnia-induced rise
in renal tubular cell pH, which diminishes H* secretion and HCO;3 reabsorption
(see page 360).

The net effect is that the arterial pH in chronic metabolic acidosis is the same
whether or not the respiratory compensation has occurred.”® As shown in the exam-
ple in Table 19-2, for example, the arterial pH is 7.29 in uncompensated metabolic
acidosis. The compensatory 6 mmHg decrease in the Pco, then lowers the plasma
HCOj3 concentration from 19 to 16 meq/L, returning the arterial pH to 7.29.
Fortunately, severe metabolic acidosis is usually acute (lactic acidosis, ketoacido-
sis, ingestions), and the hypocapnia is protective in this setting.

Renal hydrogen excretion The metabolism of a normal adult diet results in the
generation of 50 to 100 meq of H* per day, which must then be excreted in the
urine if acid-base balance is to be maintained.! This process involves two basic
steps: reabsorntion of the filtered HCOj and secretion of the dietary acid load.

Table 19-1 Arterial measurements in hypothetical acid-base disorders

Acid-base status Plasma [HCO3], meq/L Pco,, mmHg Arterial pH

Normal 24 40 7.40

Pure metabolic acidosis 9 22 7.23

Combined metabolic and 9 40 6.98
respiratory acidosis

Combined metabolic acidosis 9 15 7.40

and respiratory alkalosis
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Table 19-2 Arterial pH in chronic metabolic acidosis with and without respiratory
compensation

Arterial
Clinical state pH [HCO3], meq/L P¢o,, mmHg
Baseline 7.40 24 40
o compensaton 79 19 40
Co:::ﬂizsation 7.37 : 19 34
Chronic 7.29 16 34

The filtered HCO3 must be reabsorbed, since urinary HCQ; loss.will increase the
net acid load and lower the plasma HCO3 concentration. Nlnetj_/ percent of
HCOj3 reabsorption occurs in the proximal tubule and the remainder in the
thick ascending limb and the distal nephron (see Chap. 11+)..

The dietary acid load is excreted by the secretiop of H ions from the tubular
cell into the lumen. These H' ions then combine e1§hf3r with the urm?rl)g buffers
(particularly HPO3™ in a process called titratable acidity) or with NH":

H' +HPOZ~ — H,PO; (19-3)
H*+NH; — NHf (19-4)

In general, 10 to 40 meq of H" is excreted each day as titra'table acidity anq 30 to
60 meq as NHJ. These processes are essential for 'the n_lamtenance of acid-base
balance, because the rate of excretion of free H' ions is extremc?ly lpw. At the
minimum urine pH of 4.50, for example, the free H* concentration is less than
L. . .
0'0511:?% absence of therapy with NaHCO;, the correction of mptabohc acido-
sis usually requires the urinary excretion of the excess H*. The k.1dney responds
to this increased H* load by augmenting cellular NHJ production and .subs§-
quent excretion,’>!'® changes that may be mediated by the extracellular g:{;ieln%ll%
producing a parallel reduction in the renal tubular cell pH (see page ).
The net effect is that NHZF excretion can exceed 250 meq/day with severe
‘demia. 192 |
aCldeI:n contrast, there generally is only a limited ability to e?shance t1trata'ble
acidity, since phosphate excretion remains relatively constant. One. exce.ptlon
occurs in diabetic ketoacidosis, where excreted ketf)ne anions (par'tlculally. B-
hydroxybutyrate) can act as urinary buffers, increasmg. tltratabl.e acid excretkllon
by up to 50 meq/day.!” The net effect is that tot.al acid excretl'on can reach ﬁ
maximum rate of 500 meq/day (more than five times normal) in patients wit
severe metabolic acidosis.'>?°
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Generation of Metabolic Acidosis

From this discussion, it can be seen that metabolic acidosis can be induced by two
basic mechanisms: an inability of the kidney to excrete the dietary H* load or an
increase in the generation of H" as a result of either the addition of H* or the loss
of HCO3 (Table 19-3). Decreased H* excretion produces a slowly developing
acidemia, since only that fraction of the 50- to 100-meq daily H* load that is
not excreted will be retained. In comparison, an acute increase in the H* load

(as with lactic acidosis) can overwhelm renal excretory capacity, leading to the
rapid onset of severe metabolic acidosis.

Anion Gap

Calculation of the anion gap is often helpful in the differential diagnosis of meta-
bolic acidosis (Table 19-4).2">* The anion gap is equal to the difference between

the plasma concentrations of the major cation (Na‘t) and the major measured
anions (CI” + HCO»):

Table 19-3 Causes of metabolic acidosis

Inability to excrete the dietary H' load
A. Diminished NH] production
1. Renal failure®
2. Hypoaldosteronism (type 4 renal tubular acidosis)”
B. Diminished H* secretion
1. Type 1 (distal) renal tubular acidosis

Increased H* load or HCOj3 loss
A. Lactic acidosis”
" B. Ketoacidosis”
C. Ingestions
1. Salicylates
2. Methanol or formaldehyde
3. Ethylene glycol
4. Paraldehyde
5. Sulfur
6. Toluene
7. Ammonium chloride
8. Hyperalimentation fluids
Massive rhabdomyolysis
Gastrointestinal HCOj loss
1. Diarrhea”
2. Pancreatic, biliary, or intestinal fistulas
3. Ureterosigmoidostomy
4. Cholestyramine
F. Renal HCO; loss
1. Type 2 (proximal) renal tubular acidosis

D.
E.

“Most common causes.
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Table 19-4 Anion gap in major causes of metabolic acidosis

High anion gap”
A. Lactic acidosis: lactate, D-lactate
B. Ketoacidosis: B-hydroxybutyrate
C. Renal failure: sulfate, phosphate, urate, hippurate
D. Ingestions
Salicylate: ketones, lactate, salicylate
Methanol or formaldehyde: formate
Ethylene glycol: glycolate, oxalate
Paraldehyde: organic anions
Toluene: hippurate (usually presents with normal anion gap)
6. Sulfur: SO}~
E. Massive rhabdomyolysis

Al ol ol

Normal anion gap (hyperchloremic acidosis)

A. Gastrointestinal loss of HCO3
1. Diarrhea

B. Renal HCOj loss
1. Type 2 (proximal) renal tubular acidosis

C. Renal dysfunction
1. Some cases of renal failure
2. Hypoaldosteronism (type 4 renal tubular acidosis)
3.. Type 1 (distal) renal tubular acidosis

D. Ingestions
1. Ammonium chloride
2. Hyperalimentation fluids

E. Some cases of ketoacidosis, particularly during treatment with insulin

“ The substances after the colon represent the major retained anions in the
high anion gap acidoses.

Anion gap = [Na*] — ([C1"] 4 [HCO3]) (19-5)

The approximate normal values for these ions are 140, 108, and 24 meq/L, respec-
tively, leading to an anion gap of 5 to 11 meq/L. (This is lower than previously
measured values, since a higher plasma Cl~ concentration is measured with the
newer autoanalyzers.”® As a result, knowing the normal range in a particular
laboratory is often essential if the anion gap is to be interpreted properly.

The negative charges on the plasma proteins account for most of the missing
anions, as the charges on the other cations (K¥, Ca®*, and Mg®") and anions
(phosphate, sulfate, and organic anions) tend to balance out. Thus, the normal
value for the anion gap must be adjusted downward in patients with hypoalbu-
minemia; the approximate correction is a reduction in the anion gap of 2.5 meq/L
for every 1 g/dL decline in the plasma albumin concentration.??

The factors that can affect the anion gap can be more easily appreciated if Eq.
(19-5) is rewritten in the following way. In addition to being equal to the difference
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between measured cations and anions, the anion gap is also equal to the difference
between unmeasured anions and cations:

Anion gap = unmeasured anions — unmeasured cations (19-6)

Thus, an increase in anion gap can be produced by a fall in unmeasured cations
(hypocalcemia, hypokalemia, or hypomagnesemia, where the change is only 1 to 3
meq/L) or, more importantly, by an elevation in the amount of unmeasured
anions. This can be induced by a high plasma albumin concentration (as with
hypovolemia-induced hemoconcentration) or by the accumulation of a variety
of different anions.

These relationships can be applied to the different causes of metabolic acido-
sis, in which there is rapid extracellular buffering of the excess acid by HCO,. If
the acid is HCI, then

HCI + NaHCO; — NaCl + H,CO; — CO, + H,0 (19-7)

In this setting, there is a milliequivalent-for-milliequivalent replacement of extra-
cellular HCOj3 by CI~; thus, there is no change in the anion gap, since the sum of
([CI”] + [HCO3]) remains constant. This disorder is called a hyperchloremic acido-
sis, because of the associated increase in the plasma Cl~ concentration.

Gastrointestinal or renal loss of NaHCOj; indirectly produces the same result.
The kidney retains NaCl in this setting in an effort to preserve the extracellular
volume, leading to a net exchange of HCOj for Cl~.

Conversely, if H accumulates with any anion other than ClI™, extracellular
HCOg3 will be replaced by an unmeasured anion (A™):

HA +NaHCO; — NaA+H,CO; - CO,+H,0 (19-8)

The ensuing accumulation of A~ leads to an elevation in the anion gap. In this
setting, identification of the specific disease process usually can be obtained by
measuring the plasma concentrations of creatinine, glucose, and lactate and by
checking the plasma for the presence of ketones and intoxicants (particularly
salicylates, methanol, and ethylene glycol) (Table 19-4).

A simple example of how this approach can be used is illustrated by the
following case history:

Case History 19-1 A 27-year-old man with insulin-dependent diabetes
mellitus has not been taking his insulin and is admitted to the hospital in a
semicomatose condition. The following laboratory data are obtained:

Plasma [Na*] = 140 meq/L.  Arterial pH = 7.10

K1) = 7.0 meq/L Pco, = 20 mmHg
[CI7] = 105 meq/L [Glucose] 800 mg/dL
[HCO5] = 6 meq/L Plasma ketones = 44

Anion gap = 29 meq/L
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where BHB™ refers to the B-hydroxybutyrate™ anion and HBHB refers to the
undissociated g-hydroxybutryric acid. The net effect is that the extracellular
fluid has, in relation to the cells, a relatively high concentration of g-hydroxy-
butryrate™, which is less able to enter the cells because anions cannot easily cross
the lipid bilayer of the cell membrane.

As a result, the elevation in the anion gap usually exceeds the fall in the plasma
HCO3 concentration; in lactic acidosis, for example, the A/A ratio averages about
1.6: 1.7 It should be appreciated, however, that hydrogen buffering in cells and
bone takes several hours to reach completion. Thus, the ratio may be close to 1 : 1
with very acute lactic acidosis (as with seizures or exercise to exhaustion), since
there has not been time for nonextracellular buffering to occur.

Although the same principles apply to ketoacidosis, the ratio is often close
to 1:1 in this disorder because the loss of ketoacid anions in the urine (which
lowers the anion gap) tends to balance the effect of intracellular buffering of
H* 2730 The adequacy of renal function appears to be an important determinant
of the rise in anion gap in ketoacidosis. Patients in whom the glomerular filtra-
tion rate is relatively normal have an elevation in filtered ketoacid load that
exceeds tubular reabsorptive capacity.?! As a result, they can excrete a large
quantity of ketoacid anions in the urine,* thereby minimizing the rise in the
anion gap and therefore in the A/A ratio.?®® In comparison, the anion gap will
be higher when renal function is impaired, usually because of underlying renal
disease or volume depletion induced by the glucose osmotic diuresis (see Chap.
25).23 Anion loss in the urine is much less prominent in lactic acidosis, because
the associated state of marked tissue hypoperfusion usually results in little or no
urine output.

The loss of ketoacid anions in the urine also accounts for the observation that
a normal anion gap acidosis typically occurs during the treatment phase of
ketoacidosis?®**° In the above case history, there is a 20-meq/L elevation in the
anion gap and a roughly equivalent decline in the plasma HCO3 concentration.
After the administration of insulin, these ketoacid anions will be metabolized to
HCOj' (see below). Thus, the anion gap will return to normal, but the plasma
HCOg3 concentration will increase by about 8 meq/L, not 20 meq/L, since nmost of
the generated HCO5 will effectively enter the cells to replenish the cell buffers. At
this time, the plasma HCOj concentration will be 14 meq/L and the pH will still
be acid, but here will be no excess unmeasured anions (i.e., the patient will have a
normal anion gap acidosis). The acidemia in this setting is due to two factors: the
previous production of ketoacids and the excretion of the ketoacid anions, which,
if retained, could have been converted back into HCOg3 after the administration of

insulin; thus, loss of these anions is physiologically equivalent to the loss of
HCO;5.

Comment The high anion gap, hyperglycemia, ar}d ketongmia all ppmt to thi‘
diagnosis of diabetic ketoacidosis. Note that the increase in the.am}?n glalsa n?a
approximately 18 meq/L (from 11 to 29) is the same as the fall in the pla
HCOj concentration (from 24 to 6 meq/L).

Although a high anion gap is helpful in the differential diagnos1§ of 1?2632511?;1111.0
acidosis, it is not always possible to identify the extra gnmgasured anions. t 1e;2
is particularly true when there is only a minor_ elevat.lon in the anion g;lp E oS oss
than 20 meq/L); in this setting, the correct diagnosis may ngt be evident, sine
ketones, lactate, renal failure, and ingestions all may l?e missing. In corr;pan /L,
one of these disorders is generally present when t'he anion gap e)fceeds 25 meq 1

* Another potential problem is that the distingtlon bereer_l a high a%nd a nc:rrlmla;
anion gap acidosis is not always absolutq. Patients with dla_rrhea,' OL exl:l oi) I;"
tend to develop a normal anion gap acidosis because .of HCO3' lossin t e.s 1(1)) . i
the fluid losses are severe, however, hemoconcentration (leading to hypel‘a 111;1:1 -
nemia), lactic acidosis (due to hypoperfusion), and hyperphosphatemia (1e;u ' ti
from acidemia-induced release of phosphate from the f:ells) 2.111 may cogl in
raise the anion gap.26 This combination of norrpal and high anion gap aci oslls can
be detected by comparing the change (A) in anion gap to the change (A) in plasma
HCO7 concentration.

A Anion gap/A plasma HCO3 concentration' In addit.ion to the 1evelllofftlllle _a;ln{[(t)lré
gap, the relationship between the increase m_the anion gap and thfa a 1meter
plasma HCOj concentration may be helpful diagnostically. I_Jse of this para eter
is dependent upon an accurate assumption qf the change in anion gap, v;vaﬂ_
requires an estimate of the normal anion gap if no prior rneasurements2 fre ol
able. As described above, the normal value of gpprqmmgtely 8 meq/L. mtus °
adjusted downward in patients with hypoalbuminemia, with the al?pdroxtl_rna ienc:)he
rection being a 2.5-meq/L fall izr; the anion gap for every 1-g/dL reduction
in concentration. . .

Planlf:l:ﬂ'cl‘llI‘?eu?; make this correction will underestima‘te the ch.ange 1phan10ri g?li;
Suppose, for example, the anion gap is 15 meq/L in a patient w1.t a8p ELS T
albumin concentration of 2 g/dL. The A anion gap is 7 meq/L using dm tq -
as the baseline value; however, accounting for the hypoalburr}mer.ma 1? }sl oA
baseline anion gap of roughly 3 meq/L [8 — (2.5 x 2)], resulting in a higher

i meq/L. ' .
amoﬁd%ﬁguogillziq. (%—8) seems to imply that th(?re should be a 1 1 relatlonts_hlé)
between the elevation in anion gap and the fall in plasma HCO; conceﬁtra 1oss,
this is usually not the case. As described above, more than 50 percent o‘f the exgens
H? is buffered by the cells, not by HCO3. In c_ont.rast', mo_st of the excess an%le
remain in the extracellular fluid, since their distribution 13 pH-depenQent. e
extracellular fluid has a slightly higher pH (and lower H" concentration) tha

e e”s' as a ]‘es”]t the 0 onl 1 nt th ft Clll) those ketones that are excreted as the Na™ or salt will WET (3 /[& ratio Both B
5 W S dr Ve O € IcIt. K h

hydroxybutyrate and acetoacetate also may be excreted as the intact acid or as the NH salt. In these
settings, H* is effectively lost with the anion, thereby correcting both the high anion gap and the fall in
the plasma HCOj3 concenlration.

H* + BHB~ <« HBHB
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In addition to this sequence during treatment, some patients with ketoacidosis
excrete ketones in the urine so efficiently that the anion gap is relatively normal
before any therapy has been instituted. 2% A similar sequence, in which patients
who overproduce organic acids can present with a normal anion gap, may occur in
two other settings: D-lactic acidosis and toluene exposure (glue-sniffing). Filtered
L-lactate, the normal isomer produced in humans, is reabsorbed in the proximal
tubule via a Na*-L-lactate cotransporter in the fuminal membrane. This transpor-
ter is stereospecific and does not bind p-lactate, which may be overproduced in
patients with a short bowel syndrome (see below). As a result, p-lactate is rapidly
excreted in the urine, lowering the anion gap toward normal. However, the acido-

'sis persists, since the HY ion is still retained.

Anion loss is even more rapid with toluene ingestion, which is associated with
overproduction of hippuric acid.’? Hippurate is both filtered and secreted; as a
result, almost all of the hippurate delivered to the kidney enters the tubular lumen
and is then excreted, since there is little hippurate reabsorption. The net effect is
that many patients present with a normal anion gap and are mistakenly thought
to have renal tubular acidosis.”®

Summary In summary, the A/A ratio is normally between 1 and 2 in patients
with an uncomplicated high anion gap metabolic acidosis. A value below 1:1
suggests a combined high and normal anion gap acidosis, as might occur when
hemoconcentration and lactic acidosis are superimposed on severe diarrhea.”
On the other hand, a value above 2:1 suggests that the fall in the plasma
HCO; concentration is less than expected because of a concurrent metabolic
alkalosis. Consider the following case history:

Case History 19-2 A previously well 55-year-old woman is admitted with a
complaint of severe vomiting for 5 days. Physical examination reveals postural
hypotension, tachycardia, and diminished skin turgor. The laboratory find-
ings include the following:

Plasma [Nat] = 140 meq/L  Arterial pH = 1723

[K*] — 34meq/L  Pco, — 22 mmHg
[CI7] © = 77 meq/L Plasma ketones = trace
HCO3 = 9 meq/L [Creatinine] = 2.1 mg/dL
Anion gap = 54meq/L

Comment This patient has a high anion gap metabolic acidosis. Lactic acido-
sis is most likely in view of the physical findings and lack of significant keto-
nemia, renal failure, or history of an ingestion. However, the anion gap of 54
meq/L is markedly increased (45 meq/L above normal) while the reduction in
the plasma HCOj3 concentration is much smaller (15 meq/L, giving 9 meq/L),
leading to a A/A ratio of 3: 1. This disparity can be explained by a concomi-
tant metabolic alkalosis due to vomiting, which raised the plasma HCO3
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concentratiog without affecting the anion gap. Proof of this diagnosi

from evaluating the response to' fluid repletion. As tissue pe‘rojfussls s
restored and metabolism of the excess lactate generated HCO; (s l%n NS
the plasma HCOj3 concentration rose from 9 to 37 meq/L and t131e (;?I belOW),
alkalemic. Thus, the 45-meq/L elevation in the anion gap was acglally622$e

ciated with a 28-meq/L fall in the 3 i
: . plasma HCOj3 co : i
that is typical of lactic acidosis.?’ » concentration, & 1711 ratio

Anion gap in rem_il failure To understand the changes in the anion gap th

oceur in renal faﬂure, it is first necessary to review the normal handl%np f e e
The dietary acid load is primarily due to the generation of H,SO gf0 aoids
metabolism of sulfur-containing amino acids. ™ This acid is rapidly bufereq
by HCOj3 and other buffers, leading to the formation of Na,SO,: picly buffered

stO4 + 2NaHCO3 —> Na2804 + 2H2CO3 d 2CO2 + 2H2O

TQ maintain ,the': steady state, both the 2H" and the SOZ‘ must be excreted in the
?rlne: As -described .t:lbove, the excretion of HY, primarily as NH}L is a tubular
but;ctlon.ﬁ IIn comparison, the excretion of SO2~ is determined by t,he difference
etween filtration and some degree of tubular reab i
: . . sorption. In general, progressi
;ﬁnai .dlseases lead lto Earallel 1m11a1rments in glomerular filtration rate ef)nd %ubulZi
nction; as a result, both the H* and SO~ retai i i
: , 4 are retained, producing a high ani
gap metabolic acidosis.*>*® (Other retained ani in rer fure do phos.
. anions in r i
e arare, o o o renal failure include phos-
- tu"ll;h;ese t1‘ind1t1}gs a;'e dtilfferent, however, if there is more prominent impairment
ular function. In this setting, both H* secretion and SO2~ i
bula : g, botl 4 reabsorption wi
b:: diminished, with the latELer maintaining the rate of SO3~ excretion (aspNa Sv(;ﬂ)l
;] 12;51? n01mal.levels. Na™ depletion is prevented by an equivalent incre;se i4n
aCl reabsorption. The net effect is H* and CI™ retention, maintenance of SO2-
balance, and a normal anion gap metabolic acidosis.>>¢ )

Am'on gap il.l other conditions Small changes in the anion gap can occur i
variety of disorders other than metabolic acidosis.?'™ A high anion gar H} ;
S . . , for
Zﬁ?&?s)il:; ;:an occﬁl 1fnt }Illonkletotlc hyperglycemia with no or only mild metgbolic

a result of the i

acdq release of phosphate and perhaps other anions from the
ol Anl 1ialeva.t1c31213i8n unmeasured plasma anions is also a common finding in meta-
;) ic a ;1&0318.. Three f'actors may contribute to this finding: (1) a rise in the
%) aéma albumin concentration as a result of extracellular volume depletion; (2) an
fnmtle;as.e in the number‘of negaFwe charges per albumin molecule, since th,e pH is
aur er away from the 1§0§lectrlc point for albumin of approximately 5.4; and (3)
1 (1)1 ap;z;opnate alkalemia-induced increase in lactate production in an at;empt to
K I;anr e p;{ tm_vard nqrmal. A high anion gap can also result from a reduction in
casured cations; this effect, however, is generally of minor importance, since

hypokalemia, hypocalcemia, or h ia will rai
ema, | , ypomagnesemia will i
a few milliequivalents per liter. raise the anion gap by only
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There are also settings in which a low anion gap (less than 5 meq/L) may bcei
found. From Eq. (19-6), this phenomenon can b'e 1n_duced bya fag in Enme%su'l{fl d
anions (primarily hypoalbuminemia) or by a rise in unmeasured ca ions. rhe
latter can occur with hyperkalemia, hypercglcemla, hypermagr;c?simla,c Severe
lithium intoxication, or so:lngz foagfs of multiple myeloma in which a

rotein is produced.”*™ o

IgGlxr)larr:fe cases, thI:. anion gap has a negative value.*? This is most often d}\lle ’tco a
laboratory artifact in severe hypernatremia (at levels above. 170 meq/Liltr : 1ir111§
concentration of sodium is underestimated), ma.rked hyperhpldem}a (\‘:'v e el %he
scattering in the colorimetric assay can result in marked overestima 101t1)mmide
plasma chloride concentration, occasionally to _abovg 200 méq/L), o; romide
intoxication.?>*>*? The last problem may be seen in pgtlents taking pyridos h11g1kr11 ne
bromide for myasthenia gravis; it does not occur with Bromo-Seltzer, w cS no
longer contains bromide.*? In several of the ‘commonly used 1aborg{c19ry a}ssaiznt o
chloride, there is a greater affinity for bromld.e; asa .rf.sult, each mi liequiva nt of
bromide may be measured as 2 meq of chloride, leadlng to os_/erestlmatxon o
plasma chloride concentration and a low or even negative anion gap.

Urine anion gap Calculation of the urine anion gap may b_e El‘le‘lgful d1agn_ostlca11y
in some cases with a normal anion gap metabolic a01d051_s. > The major mie;lr-1
sured cations and anions in the urine are Na*t, K*, and Cl™; thus, the urine an

gap is equal to o
Urine anion gap = ([Na*] + [K*]) —[CI] (19-9)
Urine anion gap = unmeasured anions — unmeasured cations (19-10)

: +
In normal subjects excreting between 20 and 40' meq ('>f NH} per l1t<;1r (E:;I;
being the major unmeasured urinary cation),. the urine anion gap genera )'1( has &
iti i ' os ,
positive value or is near zero.*4% In metabol_lc acidosis, .however thei( eg;:rei fxc;enal
NHj (and of CI” to maintain electroneutrality) shou'ld increase markedly onal
acidification is intact, resulting in a value that varies from —20_ to mor;eration
—50 meq/L; the negative value in this setting occurs beca.use t.he'Cl colnfce?il ration
now exceeds that of Na* plus K*. In comparison, the a01de_:m1a in gerll_allJr ai 1(11 and
types 1 and 4 renal tubular acidosis is prlmarlly dpe to impaired ] axll ] (Fi4
excretion, and the urine anion gap typically retains its porma_ﬂ posmve_ va uH ang(i
19-1).44 Thus, use of the urine anion gap in conjunction w1t_h the urine I:‘Renal
plasma K* concentration can help in arriving at the correct diagnosis (see
cidosis,” below). 3 _ _
Tublcl)life lsA;mple example c)an illustrate the potent_ial utility of the urine atl)nonliifd
Hypokalemia is a stimulus to renal NHj production, an effect thaJE may fe red o
to an intracellular acidosis induced by the transcellula.r shift of K o_ut ) t }alm g
into the cells (see page 356).*7 Diffusion of some of this excesE NH; into : e uand
will drive Eq. (19-4) to the right, thereby lgwenng the H concer.ltra 1onhave
raising the urine pH. Thus, a patient with diarrhea and hy'pokaleml.a ma.ye e
metabolic acidosis and, because of the effect of NHj, an increase in 111'rm té)n
similar to that in type 1 renal tubular acidosis. The correct diagnosis in this setting
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Figure 19-1 The relationship
between the urine anion gap and
the rate of NH} excretion in
normal subjects receiving ammon-
fum chloride (closed circles), in
patients with metabolic acidosis
due to diarrhea (closed triangles),
and in patients with impaired
urinary acidification due to type 1
or 4 renal tubular acidosis (open
circles). The urine anion gap has a
positive value in the last group,
indicative of the defect in NH}
excretion. (From Batlle DC, Hizon
M, Cohen E, et al. N Engl T Med
318:594, 1988. By permission from
the. New England Journal of
Medicine.) g

90 -

NH3 excretion, meg/L

—100 —50 0 50 100

Urine anion gap, meqg/L

can be established by calculation of the urine anion gap, which will have a positive
value in renal tubular acidosis but will be appropriately negative with diarrhea,
since renal NH} excretion is not impaired in this disorder.*

There are, however, two conditions in which the urine anion gap cannot be
used. The first is a high anion gap acidosis, such as ketoacidosis, where the excre-
tion of unmeasured ketoacid anions in the urine will counteract the effect of
NH} “4 As a result, the urine anion gap may be positive even though there is
an appropriate increase in the rate of NHJ excretion. The second is volume
depletion with avid Na™ retention (urine Na* concentration < 25 meq/L).* The
associated decrease in distal Na™ delivery impairs distal acidification, resulting in a
reversible form of type 1 renal tubular acidosis, even though diarrhea may be the
primary abnormality. Viewed in terms of the urine anion gap, the concurrent
increase in Cl™ reabsorption prevents the excretion of NH4Cl and the development
of a negative anion gap.

The decreased acid excretion with volume depletion may play an important
role in the genesis of the metabolic acidosis that may be seen with severe or
persistent diarrhea.*> Diarrheal fluid may contain as much as 50 meq/L of base.
If renal function were normal, however, the fall in the plasma bicarbonate con-
centration would be limited by increased ammonium excretion, which can reach
150 to 200 meq/day. Concurrent volume depletion will limit this adaptive
response, thereby increasing the severity of the acidosis.

Urine osmolal gap When the urine anion gap is positive and it is unclear whether
increased excretion of unmeasured anions is responsible, the urine ammonium
concentration can be estimated from calculation of the urine osmolal gap.32%
This calculation requires measurement of the urine osmolality and the urine
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i i ipstick i iti ¢ concen-
sodium, potassium, urea nitrogen, and, if the dipstick is pos1t1;/e% glucos

i i "om
trations. The calculated urine osmolality can then be estimated fro

[urea nitrogen] [glucose]
2.8 18

Calculated urine osmolality = 2 x ([Na* +K]) +

The multiple of 2 accounts for the anion; accompanymg sodium and f’%ﬁiﬁ;lu&’
while the divisors 2.8 and 18 reflect ;1;11{ustments r(::lc/lll(lged to conver
i units of mg/dL. to mmol/L or mosm . ‘
rou{}ll“llffl:ygg;eietween the i{easured and gala_llated urine osmolality shouéj I:r:ig;llz
represent ammonium salts. This calculation 1s'not affected by unmttezzisutfor poioe
(such as B-hydroxybutyrate), since thes.e anions will be‘accounle or by the
catfons sodium, potassium, and ammonium. Suppose, for examg e, ! there 1s
a 100-mosmol/kg difference between the measured and c.isllcglate lurlﬁz_half 2
ity; ammonium excretion in this se?tting should be applloxu;l?lietyisoa i
value (because of acconlﬂ‘%anying anions) or 50 meq/L, a level tha PP
i lic acidosis. _ .
WIth(;l:thiti)r(::umstance in which the urine gap will be inaccurate is t\:vhen largr:
quantities of an intact (undissociated) acid are (.:xcrett.:d, as most (1tlenaocrclra
with B-hydroxybutyric acid in ketoa.cidogils. Iltlhttlnst hsaeltltltr;g,altllllf,n ;);ri?lcr)n asaglt Sp Thi);
rimarily to g-hydroxybutyric acid rather . oni alts. Thi
::)frc()i;l ?splikely tg be /sgmall, however, since ﬂ-hydrc?xybutyl'lc a01d4137 ex?;:;asdalgilé-
marily as the ketoacid anion as a result gf the? relatwel_y 10‘f" plﬁa 4.7 on s ac Ot.‘
In one careful study of patients with diabetic ketoacidosis, t e'fo?lfe ation of
undissociated g-hydroxybutyric acid was lesls tha}rll' 4hr:1elqg/11;,u \:ﬁllle fmoer:ecothe e
i etoacid anions was more than six times higher. ' , :
Eg;lisogé( ketoacidosis is usually easily establis.hed from th(?' hlsto.ry an;l ;:nligﬁﬁ
laboratory data and does not require calculation of the urine anion o

gaps.

ETIOLOGY AND DIAGNOSIS

This section will review the pathogenesis, et.iology, gnd dlag.nom(si of the d;ffz;ei:frilé
disorders that can cause metabolic acid051§. ¥t Wll.l also m(?lu Iel sto.rn;tmznt e
aspects of therapy, aithough the general principles %nvolved in t.e re
metabolic acidosis will be discussed separately later in the chapter.

Lactic Acidosis

Lactic acid is derived from the metabolism of pyruvic gmd; th12 ;g;;(lzt.lotlz) 1;1 Za]t;;
lyzed by lactate dehydrogenase and involves.the con\./ersm.n of N 1 ?}; o)
(reduced and oxidized nicotine adenine dlnucleotlde,' 1esp.ect1ve.yz1 %n 22,
Normal subjects produce 15 to 20 mmol/kg Qf lactic a01d‘ f;?el telll)é,deamina_
which is generated from glucose via the glycolytic pathway or from

tion of alanine. >
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Amino acids
(primarily alanine) Glucose

Pyruvate —— LDH —— Lactate
Figure 192 Major pathways of
pyruvate and lactate metabolism. NADH + H* NAD*
LDH is lactate dehydrogenase, PDH PC PDH
is pyruvate dehydrogenase, PC is
pyruvate carboxylase, and NADH and Gluconeogenesis Acetyl CoA O, + 1,0
NAD™ are reduced and oxidized nico- ? 2

Tricarboxylic
tine adenine dinucleotide, respectively. acid cycle

Lactic acid is rapidly buffered, in part by extracellular HCO;, resulting in the
generation of lactate:

CH;~CHOH—COOH +NaHCO; -  Na'lactate- (19-11)
+H,C0; -  CO,+H,0

In the liver and, to a lesser degree, the kidney, lactate is metabolized back to
pyruvate, which is then converted into either CO, and H,0 (80 percent, catalyzed
in part by pyruvate dehydrogenase) or glucose (20 percent, catalyzed in part by
pyruvate carboxylase; Fig, 19-2). Either of these processes results in the regenera-
tion of the HCOj3 lost in the initial buffering of lactic acid:

Lactate +30, - HCO;7 + 2CO, + 2H,0 (19-12)
2Lactate + 2H,0 +2CO, — 2HCO3 + glucose (19-13)

These reactions require both the entry of pyruvate into the mitochondria and
normal oxidative metabolism. In comparison, pyruvate will be preferentially con-
verted into lactate in the cytosol in the presence of mitochondrial dysfunction or a
marked reduction in tissue perfusion,.

The normal plasma lactate concentration is 0.5 to 1.5 meq/L. Lactic acidosis is

considered to be present if the plasma lactate level exceeds 4 to 5 meq/L in an
acidemic patient.

Pathogenesis and etiology Excess lactate can accumulate when there is increased
lactate production and/or diminished lactate utilization.*>2 The former can occur
by three mechanisms: enhanced pyruvate production, reduced pyruvate utiliza-
tion, or, most commonly, an altered redox state within the cell in which pyruvate is
preferentially converted into lactate (Table 19-5).4%:%0 During glycolysis, NADH is
generated and then reoxidized to NAD™ in the mitochondria. If oxidation is
impaired, however, NADH will accumulate, further promoting the conversion
of pyruvate to lactate (Fig. 19-2). In this setting, the associated adenosine tri-
phosphate (ATP) depletion may lead to vasodilatation and a further decline in
systemic blood pressure. ATP normally closes ATP-dependent K* channels. Thus,
ATP depletion in lactic acidosis leads to opening of these channels, resulting
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Table 19-5 Etiology of lactic acidosis

Increased lactate production
A. Increased pyruvate production . . o
1. Enzymatic defects in glycogenolysis of gluconeogenesis (as with type 1 glycogen storage
disease)53 . . e
2. Respiratory alkalosis, including salicylate intoxication
3. Pheochromocytoma®>*®

i uvate utilization
> Ill.np]glerzi:s); activity of pyruvate dehydrogenase or pyruvate carboxylase
a. Congentia157 :
b. Possibly a role in diabetes mellitus, Reye’s syndrome
é. Altered redox state favoring pyruvate conversion to lactate
1. Enhanced metabolic rate
a. Grand mal seizure®
b. Severe exercise®!'®?
¢. Hypothermic shivering®
d. Severe asthma®
2. Decreased oxygen delivery
a. Shock™®
Cardiac arrest
Acute pulmonary edema® s
Carbon monoxide poisoning (| O, uptake by hemoglobin)
Severe hypoxemia (Pp, < 25 to 30 mmHg)66
. Pheochromocytoma®>>®

3. Reduced oxygen utilization . . . .
a. Cyanide intoxication ({ oxidative metabolism), which may result from cyan

poisoning or, during a fire, from s noke inhalation o vapors dellVCd rom the
i 5 s i g N f hal f fi

58,59

8

m e a0 o

68
polyurethane . . . o
b. Drug-induced mitochondrial dysfunction due to zidovudine or stavudine’

s e 73276
D. p-Lactic acidosis

Primary decrease in lactate utilization .
A. Hypoperfusion and marked acidemia
B. Alcoholism™
C. Liver disease®

Mechanism uncertz;;n8 .

I]\D/[izzlxlllage[t):snrcri,e1litus,“9 including metformin®>3 in the absence of tissue hypoxia

Acquired immune deficiency syndrome®®

Hypoglycemia49

Idiopathic

51,52,77

Mg oW >
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sequentially in K™ movement out of the cells, hyperpolarization of vascular
smooth muscle cells, and decreased Ca®* entry into these cells through voltage-
dependent Ca* channels.®® The fall in cell Ca2* concentration produces smooth
muscle relaxation and a reduction in systemic vascular resistance.

In certain disorders, the primary role of lactate overproduction is clear, As an
example, plasma lactate levels may transiently be as high as 15 meq/L during a
grand mal seizure® and 20 to 25 meq/L with maximal exercise, with the Systemic
pH falling to as low as-6.80.°"%7 Studies in these patients have demonstrated rapid
recovery of acid-base balance, with a maximum rate of lactate utilization that can
reach 320 meq/h.®

This high rate of lactate metabolism suggests that there must be some com-
ponent of decreased utilization in those disorders in which lactate overproduction
occurs more slowly. In shock, for example, the reduction in perfusion to the liver
and an associated intracellular acidosis may combine to substantially diminish
hepatic lactate metabolism.’"32%8 The importance of these events has been demon-
strated experimentally by the observation that infusing lactic acid to otherwise
normal animals is associated with increased hepatic utilization and relative diffi-
culty in lowering the extracellular pH.3132

Most cases of lactic acidosis are due to marked tissue hypoperfusion in shock
or during a cariodpulmonary arrest.*508° The prognosis is generally poor unless

- tissue perfusion can be rapidly restored.

The association of lactic acidosis with diabetes mellitus is less certain, since
many cases in the past were associated with the use of phenformin and some of
those today with metformin.®*% Nevertheless, a moderate degree of lactic acidosis
may be seen in some patients with diabetic ketoacidosis, 4% How this occurs is not
clear, although marked hypovolemia is likely to play an important role.
Documentation of concurrent lactic acidosis may be clinically important, since
the altered redox state in this setting also converts acetoacetate into B-hydroxy-
butyrate. Only the former is recognized by the nitroprusside tablet or dipstick used
to detect the presence of ketones; as a result, a falsely negative result may be
obtained and the diagnosis of ketoacidosis obscured when there is preferential
production of B-hydroxybutyrate.”

The pathogenesis of the lactic acidosis found with malignancies is also
unclear.””" Anaerobic metabolism due to dense clusters of tumor cells and/or
metastatic replacement of the hepatic parenchyma have been proposed, but lactic
acidosis has occurred in patients with relatively small tumor burdens.”8! Direct
lactate production by the neoplastic cells has also been suggested, but this would
not explain the rarity of tumor-induced lactic acidosis. Regardless of the mechan-
ism, removal of the tumor (or by chemotherapy, irradiation, or surgery) leads to
correction of the acidosis.”8!82 _

A mild degree of lactic acidosis also may be seen with alcoholism.”® In this
condition, lactate production is usually normal, but lactate utilization is dimin-
ished because of impaired hepatic gluconeogenesis. Although lactate levels gener-
ally do not exceed 3 meq/L in this setting, alcohol ingestion can potentiate the
severity of other disorders that are associated with the overproduction of lactate.
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There are rare patients with the acquired immune deﬁf:iency syn.dromef(AI?S)
in whom lactic acidosis is associated with drug-induceq mltochondrlal (cilys url;c (i(?n
in the absence of sepsis or hypotension. Such an assocmt%on has belen ezcule in
patients with zidovudine-induced myopathy, characterized bg/1 eegatgd p Zs_ma
creatine kinase concentrations and proximal musple Weakrégs% anl Zi .ovu 1nle.:_
or stavudine-induced hepatic steatosis and hepatic failure. A Thef atf:)elﬂcorinp i-
cation may, in some cases, be due to a concurrenF deﬁmency 0 11. 0 av1(111£la}
precursor to a number of cofactors necessary fo'r ml.toch‘ondnal ener fgy prod t;:
tion. In several patients, nucleoside-induced lact'lc. a01do§1s h‘flS beeln u?vers?:d y
riboflavin therapy.”'72 In addition, a seemingly idiopathic form of lactic acidosis
can occur in the absence of zidovudine.®

p-lactic acidosis A unique form of lactic acidosis can oceur in };I)lat%ents w1t1}
jejunoileal bypass or, less commonly, small bowel resection or other tce{)uslfzé)d
the short bowel syndrome. In these settings, glucose and s.tarch are metabo ed
in the colon into D-lactic acid, which is then a.bsor.bed into the .systertnl.c cir
culation.”® The ensuing acidemia tends to persist, since D-lactate 1s.go 16;:(;}%(;
nized by L-lactate dehydrogenase, the enzyme tilat catalyzes the conversion o
i ically occurring L-lactate into pyruvate. _ o .
phys’}(z}fzg;zﬂgrs tend togcontribute to the overprodgction of p-lactic z;lmd 1;1 ttus
disorder.” First, there is overgrowth of gram-positive anaeropes, suﬁ ai te.lc (1>-
bacilli, which are most able to produce D-lactate. Second, there Is usua 131/ .reta 1t\i/§a){
little glucose and starch delivered to the colon beca}lse of extensw}el smad-mhzsn nal
absorption. However, delivery of;i these;ubstrgtes is markedly enhanced w
is bypassed, removed, or diseased. _ o
Smal]fl’;(i);z 1witillpthis disorder present with episodic n.letlabollc acld.osmb (usuazlilljf
occurring after high-carbohydrate meals) and characteristic neurolofglc a norr%_75
ities, including confusion, cerebellar ataxig, slurred speech3 and loss o men}oer&/l.anc)l
They may complain of feeling or appearing to be drunk in the abs:,enci? o thanol
intake. It is not clear whether these symptoms are due. to D—lactate.lﬁ‘.e 1ort ot
other toxin produced in the colon and then absorbed in pz'u'allf:l wit 1;— aﬁ:‘ i e: o
The classic neurologic findings plus the metabolic acidosis and t e his .(zily (
intestinal disease should strongly suggest thf: presence 'of D—lactﬁ: aci os]1)s;
Confirmation of the diagnosis requires a spec12}1 enzymatic assa)i that qseson_
lactate dehydrogenase and measures the generation of NADH as lactate 11s ;ate
verted to pyruvate.73'75 In contrast, thelstan:iard assay for lactate uses L-la
: ase, which will not detect p-lactate. . o '
dehylggofggitional source of confusion may occur in D—laf:tlc acidosis. ljlltelreci 12(;
lactate is rapidly excreted in the urine, being unable tq bind to tfle Il\lIat —L(—);;azil
cotransporter in the luminal membrane of the pr.oxunal.tubli1 e td.a fier may
promotes L-lactate reabsorption. As a result, patients with this Tsm < duc{'
have an anion gap that is normal or less than expected from the degree of re
ion i asma HCOj3 concentration. . o
tlon"}l;letrhaepslin D-lactic ;cidosis consists of. acut(? sodium bicarbonate a.dm.gnsz)rlz_
tion to correct the acidemia and oral antimicrobial agents (such as metronidazole,
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neomycin, or vancomycin) to decrease the number of D-lactate producing
organisms.”*70 A low-carbohydrate diet (or the use of starch polymers rather

than simple sugars) also is helpful, by diminishing carboyhydrate delivery to the
colon,

Diagnosis  Although the diagnosis of lactate acidosis can be made definitively
only by the demonstration of an elevated plasma lactate concentration, there
are often many suggestive clues in the history, physical examination, laboratory
data, and response to therapy. These include a high anion gap; the presence of one
of the disorders that can cause lactic acidosis; cool, clammy extremities and hypo-
tension if shock is present; and continuing production of acid, as evidenced by an
inability of exogenous HCOg3' to raise the plasma HCO3 concentration.

The presence of an organic acidosis (primarily lactic acidosis or ketoacidosis)
should also be suspected if effective treatment of the underlying problem (such as
fluid repletion in hypovolemic shock) leads to a Spontaneous elevation in the plasma
HCO3 concentration. This occurs because metabolism of the organic anion, in this
case lactate, results in the regeneration of HCOj [Egs. (19-12) and (19-13)].

Treatment Correction of the underlying disorder is the primary therapy in lactic
acidosis. Reversal of circulatory failure, for example, will reduce further lactate
production and allow metabolism of the excess lactate to HCO5. (This sponta-
neous regeneration of HCO3 does not occur in D-lactic acidosis, since D-lactate
cannot be metabolized.)

The role of NaHCO, administration in lactic acidosis has been a source of
great controversy.”? Proponents argue that raising the arterial pH may improve
tissue perfusion, by reversing acidemia-induced vasodilatation and impaired
cardiac contractility, and may diminish the risk of serious arrhythmias (see
“Symptoms,”’ below).*%%? These potential benefits, however, must be weighed
against the possible risks, which include volume overload, hypernatremia (as
percent NaHCO; solution contains almost 900 meq of Na* per liter), and over-
shoot metabolic alkalosis after normal hemodynamics has been restored % In
addition, metabolic acidosis may be in part protective during ischemia by mini-
mizing hypoperfusion-induced tissue injury.*®

In addition, both experimental®®°697 a4 human studies®®?”% pave suggested
that HCO3 therapy may be relatively ineffective, producing only a transient eleva-
tion in the plasma HCO3 concentration and possibly worsening the intracellular
acidosis. 389190 Ty seeming lack of efficacy of alkalj therapy appears to be due in

part to an associated increase in net lactic acid production (which also leads to a
further rise in the anion gap). %896

This unexpected change in lactate metabolism may be induced by the contin-
ued generation of CO,, as a result of both cellular metabolic activity (including
fibrillating myocardial cells during cardiac arrest)® and buffering of the excess H*
ions by exogenous HCOj3 [Eq. (19-1)).88101 Thig CO, then accumulates in the
tissues, since pulmonary blood flow is reduced as part of the shock state,!02-104
The ensuing local hypercapnia can exacerbate the intracellular acidosis, leading to
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decreased lactate utilization in hepatic cells and a degline in contractility mt ;aidl?ﬁ
cells. 82969210 The latter effect can reduce the cardiac output, a change that w
! . . . *
romote further lactic acid product101.1. ‘
b It must also be emphasized that this problem of CO, accumu}?tlon may not I;e
detectable in arterial blood."®'™ Blood entering the pulmonary 9110u1at10}nl may be
adequately cleared of CO,, resulting in a relatively normal.arte.rlal Pco,- ovl:?;/zl;i
total CO, elimination is diminished because of the reduction in pul}l:mlr)lary brood
flow with severe circulatory failure or cardiac arrest. As E rc:lsutlt,tt debycr?feasure
i ) d, a change that can be detecte -
tissue level may be markedly elevated, . be « AL
P dy of patients undergoing cardiop
ment of mixed venous blood. In one stu : nonary
resuscitation, the mean arterial pH and PCO% mele (Z;lj 'cllrer3ng (gnri}gsg,p robliem
: i an i .
tively, whereas the mixed venous values were 7. . or .
mayybe exacerbated by NaHCO; therapy, in partcbgceglggews)uffermg of H" ions in
3 incr ration of CO,. 7
he blood by HCOj3 increases the genera . o _
. In sumn)r(lary, these findings make the optimal therapy of lactic gc@oslls lug(_:er
tain at the present time. Some physicians have conc%uded thgt there 15“1)10tt}§ in 1(:—
tion for NaHCO, administration,”’ particularly durlng.carfhaulzl arretst.. 1 Igv;:)\; Vé
ici i f NaHCO; to maintain the arterial p
most physicians give small amounts o . ntain the o DE above
i i i 1t in a deterioration in cardiov
7.10, since more severe acidemia can resu . :
function. Careful monitoring, including measurement ofvnnxed. or Ce?'tlil venous
pH, is required to minimize side effects related to HCO3 admnllstra ion. ome s
,There are three possible experimental alternqtlves to.HCO3 thera}piz.. e
the administration of Na,COj5 as a source of alkali: Buffe.rlpg _of excess d1on tg
this compound will generate HCO3, 81;% ICOZ, thereb}}/l .mlmmltzi?g tilgttizein;¥ec
i idosis.”®"" However, this agent has -
exacerbate the intracellular acidosis. : r, thi ot been efise
i i i rest i imental animals.”” " Although the extra
tive during cardiac arrest in experimen | 0ug xtra _
pH may be increased, there is no improvement in the progressive decf.lilrle;_ln r;gl(;
cardial cell pH that results from continued CO.2 produgtlon by the ﬁbuDzz: 1;1)g This.
The second alternative is the administration of d10hloroacetgte; (. . l. s
compound stimulates pyruvate dehydrogenase activity, thm‘f:b)i1 m}lIm(I)m(zll:I.lg 2109 aé ;
i i : idized to CO, and H, ig. 19-2).
roduction by allowing pyruvate to be oxidi . 2. 19
glthough there is evidence of benefit in experimental models .of l‘a.ctlc a01dci>lsllst,h 2
controlled trial in humans showed that DCA produced a minor mcreastein e
plasma bicarbonate concc—’:ntratiom1 g\ﬁnd arterial pH but no improvemen y!
temic hemodynamics or mortality. ' - ' |
The third option is tromethamine (THAM). THAN% is an inert anlllmt? ﬁl(()::)vlillf
that buffers acids and CO, by virtue of its amine (—NH") moiety via the fo g
reactions:'%’

THAM-NH, + H* = THAM -NH?
THAM—-NH, + H,0 + CO, = THAM—NH{ + HCO7

Protonated THAM is excreted in the urine at a slightly higher rate than
creatinine clearance in conjunction with either chloride or bicarbonate. Thus,
THAM supplements the buffering capacity of blood without generating carbon
dioxide but is less effective in patients with renal failure. Reported toxicities
include hyperkalemia, hypoglycemia, and respiratory depression; the last compli-
cation probably results from the ability of THAM to rapidly increase the pH and
decrease the Pco, in the central nervous system.

Published clinical experience with THAM is limited, but the drug has been
used to treat severe acidemia due to sepsis, hypercapnia, diabetic ketoacidosis,
renal tubular acidosis, gastroenteritis, and drug intoxication.'?” Its clinical efficacy
compared to that of sodium bicarbonate in the treatment of metabolic acidosis
remains unproven, and THAM is of uncertain safety.

These findings are consistent with the primary importance of reversing the

underlying disorder. Patients generally die from tissue ischemia rather than from
acidemia itself,

Ketoacidosis

The biochemistry of ketoacidosis is discussed in detail in Chap. 25. Stated briefly,
free fatty acids are converted in the liver into triglycerides, CO,, and H,0 or into
the ketoacids, acetoacetic acid and B-hydroxybutyric acid. Overproduction of
ketoacids resulting in metabolic acidosis requires two factors: (1) an increase in
free fatty acid delivery to the liver due to enhanced lipolysis, and (2) a resetting of
hepatocyte function such that the free fatty acids are converted preferentially into
ketoacids and not triglycerides.!®"110 g, diminished activity of insulin and
enhanced secretion of glucagon (due in part to the insulin deficiency) contribute
to these changes: the lack of insulin by increasing lipolysis, and the excess of

glucagon by indirectly increasing fatty acyl CoA entry into the hepatic mitochon-
dria, where it can be converted into ketones, %8110

Etiology Uncontrolled diabetes mellitus is the most common cause of keto-
acidosis. Hyperglycemia is invariably present in this setting, with the plasma
glucose concentration usually exceeding 400 mg/dL.

Fasting Fasting can also result in ketosis, as the appropriate hormonal milieu
(low insulin, high glucagon) is established by the lack of carbohydrate intake. In
comparison to the potentially severe ketoacidosis that can occur in uncontrolled
diabetes, ketoacid levels do not exceed 10 meq/L with fasting. This limitation in
the degree of ketone formation may reflect the ability of ketonemia to promote
insulin secretion, eventually limiting the availability of free fatty acids.!'!112

i i by inistration may also diminish cardiac func-
* Increased lactate accumulation following HCO3 admmlstlatl(?d' ){ 0 i e
tion by a second mechanism. Patients who underg;) prolonged car .101;;11 mcln Sm); e that can
X ion i ionized Ca”" concentration in the plasma, a .
have up to a 50 percent reduction 11110 5the ionize cel on in the plasia, n changs (hat oo
irectly impair cardiac contractility. > The total plasma Ca“” conc ation, s -
deating 0 i indi o be present. This effect is directly related to the severily
indicating that increased binding of Ca®" must be presen
of the acidemia and could represent Ca®* binding to lactate.
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} inati i i nd poor dietary
e is another cause of ketonadoni. 15 TL gﬁé’i;‘%i_?%}irioggggt;:;ag:
i i € nec
?riui;stllllﬁrilnjlligigﬁlt;gt‘ogrii(;?:?:t?frelfliisaz;,i;:ilggflgillll?fﬁlu dtirltlelctly enhances lipolysis,
furﬂ"ll?lzehfertezg‘gi illil;llt)l)e‘,piiyr(e)fag:lga;}\,/eﬁlisc.idosis that is 1oftetn dclzznto1 ;‘:((;totrs

1 115,117 - ovolemia
(e)rtlltllzrncgéaIllacﬁzt(;i?(lidgiljdliiggi, and S(():ri)lzcsfl' 1:1111; e?g:nol will be metabolized

into acetic acid. . . ' s
- These patients also frequently present with a mixed-base disturbance:

e Metabolic alkalosis may result from vomiting, which 113 a 0?1?21;(1)}1]1 ;ggill-
i y the arterial pH may be relati l,
cating problem. In some cases, : . (e nommal,
i ts toward the presence of ke
and only the elevated anion gap poin - tow ketoacldosis.
. Patientsywith underlying chronic hepatic disease may have a chronic respira
tory alkalosis (see Chap. 21). _ ‘ _
. Uri)ilary loss of the ketoacid anions can lead.to a relatively n01ma.l an(1sc;1;
gap in comparison to the fall in the plasma bicarbonate concentration

“Anion Gap,” above).

T (v} l() |1|C ac I(le nia associa W,

completely understood.

Diagnosis The presence of alcoholic ketoacidosis should be sgspegted 1;162)1( 152:111;::(;
i istor ho is found to have an otherwise u
with a history of alcohol abuse w _ ety olevated olaomea
i i ic acidosis with a normal or only slightly
high anion gap metabolic aci al ¢  slightly clevated plastna
ration. The osmolal gap—the difference betw .
D oultod plasma o i 607)—also tends to be increased as a result
calculated plasma osmolality (see page reased asa resul
i derived from fat breakdown) and a : ]
of the accumulation of glycerollzg ! jown) and acetone and the
i i ding, however, is of limite g
ble presence of ethanol.'”" This fin ;| r, | :
ﬁ?jlstly siﬁce the osmolal gap is also increased in Othf?l hllgh amoE %ap agldoses,
such a,s that due to methanol or ethylene glycol 1ntox1c.at101: h(se(ei: eo(;v:t)r.ation iy
i ) ketoacidosis requires the dem
Confirmation of the presence of . ' et ot
i is i ith nitroprusside (Acetest) table .
ketonemia. This is generally done wi : plets or reagent
i i i diluted 1:1 is strongly suggestiv
sticks. A 4+ reaction with serum . ; et by
i itr ide reacts with acetoacetate and acetone
dosis. However, nitroprusside reac ' © (produced by
i ic acid), but not with g-hydroxybutyrate.
decarboxylation of acetoacetic acid), : ;
;:ftereketoaciyd is formed from the reduction of the ﬂ—aldehydli gro;l}z1 boofuilc;as
i ' ilizi ADH. g-Hydroxybutyrate makes u
toacetate in a reaction utilizing N . ' pyrale makes up about 12
ir i i betic ketoacidosis, but this '
rcent of the circulating ketones in dia :
f:al(c:ﬁn 90 percent when NADH levels are elevated with concurrent lactic
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acidosis® or in alcoholic ketoacidosis (where NADH is generated from the
oxidation of ethanol to acetic acid).!!3

In these settings, the nitroprusside test may underestimate the degree of keto-
nemia and ketonuria. Clinical awareness of the possibility of ketoacidosis is essen-
tial, since an assay for B-hydroxybutyrate is not available in most hospitals. An
indirect method to circumvent this problem is to add a few drops of hydrogen
peroxide to a urine specimen. This will nonenzymatically convert B-hydroxybuty-
rate into acetoacetate, which will then be detectable by nitroprusside.'?? An alter-
native, if available, is to directly measure B-hydroxybutyrate in the blood.

A different problem in diagnosis arises with sulthydryl drugs, particularly

produce a false-positive ketone test,'23 Thus, a positive nitroprusside test for keto-
nuria or ketonemia cannot be reliably interpreted in patients treated with captopril.
In this setting, the diagnosis of diabetic ketoacidosis must be made on clinical
grounds (otherwise unexplained high anion gap metabolic acidosis in a patient
with uncontrolled diabetes) or by direct measurement of S-hydroxybutyrate.

Treatment Although insulin is the keystone to therapy in diabetic ketoacidosis, it
may be dangerous in alcoholism or fasting, where the baseline plasma glucose con-

fatty acid metabolism, and correct any fluid deficit that may be present, 4115

The role of HCOg5 therapy is uncertain in ketoacidosis, as it is in lactic acidosis,
Most patients with ketoacidosis will derive no benefit from exogenous alkali, since
insulin-induced metabolism of the ketoacid anions will result in the rapid regenera-
tion of HCO3 and at least partial correction of the acidemia 30124125 There are,

acidemia (arterial PH < 7.00 to 7.10), and with a relatively normal anion gap,
due to excretion of ketoacid anions in the urine. 3% 1 the latter condition, the
quantity of HCO3 that can be generated from organic anion metabolism is mini-
mized, and, in the absence of alkali therapy, restoration of acid-base balance will be
a slow process, requiring renal excretion of the excess acid as NH} %
Hypophosphatemia is also a frequent complication of the treatment of keto-

Renal Failure

Metabolic acidosis is a common complication of advanced renal disease and
results from an inability of the diseased kidney to excrete the daily dietary acid
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load.*>*%1?7 The acidemia is generally not severe, although alkali therapy may still
have a variety of beneficial effects.

Pathogenesis Renal insufficiency can affect all of the parameters involved in net
acid excretion. With the initial reduction in glomerular filtration rate (GFR),
hydrogen balance is maintained by increased ammonium excretion per functioning
nephron.'?"1** However, total ammonium excretion begins to fall when the GFR
is less than 40 to 50 mL/min (Fig. 19-3)."3%13! The net effect is the development of
metabolic acidosis, resulting from an inability to excrete all of the daily H*
load 3536130 :

Both decreased titratable acidity (primarily as phosphate) and reduced HCO3
reabsorption also may contribute to the decline in net acid excretion. Phosphate
excretion is initially maintained in renal failure, in part by the associated second-
ary hyperparathyroidism (see page 202). However, net phosphorus absorption and
therefore urinary excretion are diminished in patients with advanced disease,
because of both dietary restriction and the use of oral phosphate binders, such
as calcium carbonate, to prevent hyperphosphatemia.'*®

The role of impaired HCO3 reabsorption is uncertain;'?’ the need to increase
Na* excretion per functioning nephron to maintain Na® balance may lead to a
modest increase in HCO3 excretion. 132133 This defect, however, does not
appear to play an important role in most cases, 1313

The fall in total ammonium excretion in renal failure usually does not repre-
sent tubular dysfunction per se. Ammonium excretion per total GFR (to account
for the reduction in functioning renal mass) is three to four times normal, a level
similar to the maximum achieved in normal subjects following an acid load.!?1%
This suggests that the reduction in total ammonium excretion reflects the limited
number of functioning nephrons, since ammonium production is already proceeding
at a maximal rate.'”

As the patient approaches end-stage renal failure, the plasma HCOj con-
centration usually, but not always, falls and then stabilizes at 12 to 20
rneq/L.35'36’130'135 Although H* ions continue to be retained, a further reduction
in the plasma HCOj3 concentration is prevented by buffering of the excess acid,
primarily by bone buffers.'*>!1% This process is manifested in part by the release of
calcium from bone and its subsequent excretion in the urine. This negative calcium
balance can be reversed with alkali therapy;l35 if it is untreated, however, the
calcium loss can, over a prolonged period, lead to osteopcnia.136

A plasma HCOj3 concentration below 10 to 12 meq/L is usually due to a
superimposed abnormality, such as hypoaldosteronism (in which hyperkalemia
is a prominent finding; see Chap. 28), or another cause of metabolic acidosis, as
with diarrhea. The latter problem can lead to a severe reduction in pH, since
patients with renal failure cannot compensate for the increased HY load by
increasing renal acid excretion.

Treatment Exogenous alkali therapy has not in the past been used to correct
asymptomatic metabolic acidosis in adults with renal failure. The limited fall in the
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Flgure. 19-;3 Effect of a dietary acid load on the plasma HCOj3 concentration and urinary NHT
excretion in normals (squares) and patients with chronic renal failure (circles). Normal s)ilb'ec:s
Increase NH] excretion approximately fourfold with only a few meq/L reduction in the 12|Jsm
HCQ3 concentration. The patients with chronic renal disease had a low rate of NHJ i ’
baseline (despite already having a mild metabolic acidosis) and showed no increment follf)
load. (Data from Welbourne T , Weber M, Bank N, J Clin Invest 51:1852, 1972, with per

excretion at
wing the acid
mission.)

plasma HCO; concentration plus the respiratory compensation usually maintain
thf% tartenal pH near 7.30, a level that poses no danger to the patient. Furthermore
raising the pH in the presence of hypocalcemia can precipitate tetany, and thé
associated Na' load can increase the tendency toward volume expansi,on As a
result, the major indications for NaHCO; therapy have included a fall .in the
plasma HCO3 concentration below 12 meq/L; symptoms such as dyspnea, and
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.. . . + . .
persistent hyperkalemia, since raising the pH Yvﬂl drive K™ into the cells; and
L L . . —
acidemia in children, which can impair gr ow . '
In adults, in whom growth is not an issue, there are least three potential

reasons why even mild metabolic acidosis should be treated in the patient with

. 138
renal failure:

e Minimizing bone buffering of excess H* ions may minimize the loss'ofllaasc?gg
calcium and possibly prevent or delay the developm.ent of osteoper‘na}.1 3
Correction of the acidosis also can prevent progression of Illyperpa.lat lyro::
bone disease,139 an effect that n}z;g be related to a diminished stimulus to

'y hyperparathyroidism.

. ;?I(;(z:gglli)c] a}(I:FdoIs)is canylead to increased skeletal muscle breakdown .and
decreased albumin synthesis,'*""!* an effect that can be'reversed b?/ coxret():-
tion of the acidemia.'¥'*7 The catabolic 'state, wh'ch.l .appea%s to ?
mediated in part by increased release of cortlsol' and diminished 1eleals)e 5)
insulin-like growth factor-I (IGF-I), may contribute to loss of lfaan doby
mass and muscle weakness.!*>'* These pr_oblems may be exacelbatet };
the low-protein diet that may be prescribed in 12;121 attempt to slow the rate o
progression of the renal failure (see page 48). fnd to Tocal

o The adaptive increase in NH;, productlog per nephrorllz‘scan‘ ea t'o ool
complement activation and tubulointerstitial d.amage. Pleveﬁ mgte s

response with alkali therapy may protect the kidney and slow the ra
progression of the underlying disease.

Definitive studies on the treatment of metabolic acidosis in chronic .rc‘enal
failure in humans have not yet been performed. 1.\Ieve1_‘theles.s, some Ph¥31§1a?§
have advocated the earlier use of alkali therapy in this settl‘ng, périt;cut_au ythe
view of the observation that NaHCO; is better excreted (pmhaps u.e gc 1ngﬂuid
impairment in HCO3 reabsorptiop) alfuli\I tl(ljelrigore less likely to produce

: an equivalent quantity of NaCl. . . '
oveli(f)zclikt;}? Itlherapcyll is given,qNaHCO3 is the treatment of ch01(.:e, WIél'i S$d1:$
citrate (citrate is rapidly metabolized to HCQ3) shogld be ac\li'orded'. 1t(r)aael:umi_
markedly increase passive aluminum abso.rptlon, possibly pre 185)081.ng aluni-
num intoxication in patients with renal failure wh<l)505llrsel taking a ummumth yu o
xide to control hyperphosphatemia (see page.205). . TWF) factorsfare o gn_
to contribute to this effect: (1) Citrate combines with aluml'num to otr)I.n a 1‘1N iy
dissociable but soluble and absorbable comple'x, gnd 2) 01trat§+com mets. it
Ca* in the intestinal lumen, leading to a 1'ed1.10t10}15 0111 the free Ca“" concentra
that increases the permeability of tight junctions.

Ingestions

Salicylates Aspirin (acetylsalicylic acid) is rapidly converted into salicylic 1e.1c1c11 1tn
the body. Although there is no absolute correlation betweeg the plagma salicy ahe
concentration and symptoms, most patients show signs of intoxication when the
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plasma level exceeds 40 to 50 mg/dL (therapeutic range is 20 to 35 mg/dL).!%6
Early symptoms include tinnitus, vertigo, nausea, vomiting, and diarrhea; more
severe intoxication can cause altered mental status, coma, noncardiac pulmonary
edema, and death. Fatal overdosage can occur after the ingestion of 10 to 30 g by
adults and as little as 3 g by children. The diagnosis can be made with certainty
only by measurement of the plasma salicylate concentration.

Increasing doses of aspirin cause a progressively greater risk of toxicity
because of saruration of protective mechanisms.">" At therapeutic levels, 90 percent
of salicylate is protein bound and therefore limited to the vascular space; the drug
is then partially glycinated in the liver to salicyluric acid, which is both less toxic
and more rapidly excreted by the kidney than salicylate. With salicylate toxicity,
however, the degree of protein binding falls to 50 percent and salicyluric acid
formation becomes saturated. Thus, more drug is now able to reach the tissues,
and, because of the decline in renal excretion, toxic levels persist for a longer
period of time.

A variety of acid-base disturbances can occur with salicylate intoxication. '8
Salicylates stimulate the respiratory center directly, ' resulting in a fall in the Pco,
and respiratory alkalosis as the earliest abnormality, 56158160 pfetapolic acidosis
may then ensue, primarily because of the accumulation of organic acids, including
lactate and ketoacids.?>*!6! The respiratory alkalosis, which normally promotes
lactic acid production in an attempt to minimize the rise in pH,* appears to play a
contributory role in this process. In experimental animals, lactate accumulation is
not seen if the initial fall in Pco, is prevented but gradually becomes more
prominent if hypocapnia is allowed to occur. %! Salicylic acid itself (mol wt 180)
has only a minor effect, since a plasma level of 50 mg/dL represents a concentra-
tion that is less than 3 meq/L.

The net effect of these changes is that most adults have either a respiratory
alkalosis or a mixed respiratory alkalosis—metabolic acidosis; pure metabolic
acidosis is unusual.'® In addition, approximately one-third of adults will also
ingest one or more other medications, many of which are respiratory depressants
and can lead to concurrent respiratory acidosis, 18

Treatment The serious neurologic toxicity of salicylates, including death, is
related to the cerebral tissue salicylate concentration; thus, a reduction in this
level must be the first goal of therapy. This can in part be achieved by alkaliniza-
tion of the plasma to an arterial pH between 7.45 and 7.50. To appreciate how this
works, it is important to nofe that salicylic acid (HS) is a weak acid with a pK, of
3.0. Thus, the Henderson-Hasselbalch equation for the reaction

H"+S~ & HS (19-14)
can be expressed as
[S7]

where S™ represents the salicylate anion.
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At the normal pH of 7.40, the ratio of HS to S~ '%s about 1| :25,(_)00;'that1 1§,
only 0.004 percent of the total extracellular sahcyl_a@ exists as HS HS is no%[;c; ;1;;
lipid-soluble, and able to cross cell membranes; S~ is polar and cr ;ss:lss memcentra-
poorly. As a result, the plasma and central nervous system (CN )F- clogn4)
tions are in diffusion equilibrium, but not the S- concentrations ( Ag N - 1.

If the systemic pH is increased, Eq. (19-14) will move to th.e left. ds the plasma
HS concentration falls, HS will leave the CNS (and other tlssu_es) hovgnﬂg cct);;
centration gradient, where it will be trapped in the plasma as S . }"f e ?h lﬁrain
CNS HS concentration then causes Eq. (19-14) to move to the rig t f1n‘the .
cell. This maintains the cellular HS concentratlon,. thereby promotmgffn e;rz onig
movement out of the CNS. For example, increasing the arterial pH 10;11 . ?
7.50 w&ll decrease the fractional concentration of HS from 9.096 to 0.0(21 ptgrceg .
Although this change appears small, it will p%'o.mot'e a significant rec t1.1c11.c;r;rlerf
tissue salicylate concentration. Note that alkallnlze}tlgn lead§ to a;l mll 1at1h 1t e
ment in the plasma salicylate concentration, but it is the tissue levels tha

) he patient.

dan%f‘lg:cso;% tgoall) of treatment is rapid elimination of' the Qrug fron} the bct)fiy.
Since salicylate is highly protein bound, it enters tl'le urine prlmarlltha Zecrztifg
by the organic anion secretory pathway in the p.roxmlal tubul.e (see C tz:p. ) ;rkedl
than by glomerular filtration. The rate of gahcylate excretlon.can efmanioniz
enhanced by alkalinization of the urine, which, by _th(? same plocesks g.f fno_ i
diffusion, converts urinary HS to S™, thereby minimizing .the bac -di uIs;ofn‘ of
secreted HS out of the tubular lumen.'$? As an ex'ample, raising th.e urine p . 1to »
6.5 to 8.1 by the administration of NaHCO; can increase total salicylate excretio
more than fivefold.'s

Figure 19-4 Schematic representation _o[‘ the
equilibrium distribution of salicylate (87) and
salicylic acid (HS) between the extracellular
fluid and the brain cell. HS is lipid—solub'le
and is in diffusion equilibrium; S~ is not in
equilibrium, since it is charged and cannot

readily  cross the cell membrane.
Alkalinization of the extracellular fluid causes
Brain the reaction, H" + S™ <« HS, to move to the
cell Extracellular luid — jofe  reducing  the  extracellular  HS

concentration. This allows cellular HS to

diffuse into the extraceliular fluid down a

concentration gradient. The decrease in the

cellular HS concentration then causes some

T T TpH cellular S~ to be converted to HS, thereby

promoting continued HS diffusion out. of the

brain. Similar considerations explain the

increased movement of salicylate from th.e

tubular cell into the lumen when the urine is
alkalinized.

HS —— 1 —* HS

oI
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The efficiency of salicylate removal can also be enhanced by
hemodialysis, !36:157:164 s procedure should be considered when the plasma sal-
icylate concentration exceeds §0 mg/dL or the patient is comatose or has impaired
renal function or fluid overload.

Another frequent problem of uncertain etiology is a low cerebrospinal fluid
glucose concentration, which may contribute to the neurologic abnormalities. !
Thus, the administration of glucose should be part of the initial therapy in all
patients with salicylate intoxication. ‘

In summary, the administration of alkali is an important component of
therapy in the patient with salicylate intoxication and metabolic acidosis. If,

however, respiratory alkalosis is the primary disturbance, further alkalinization
is not necessary.

Methanol Methanol (wood alcohol, CH;30H) is a component of shellac, varnish,
deicing solutions, sterno, and other commercial preparations. It is metabolized to
formaldehyde (in a reaction catalyzed by alcohol dehydrogenase) and then formic
acid (Fig. 19-5). Symptoms and the high anion gap metabolic acidosis are usually
delayed for 12 to 36 h after ingestion, since they are due to accumulation of these
metabolites, particularly formic acid,!57-165.166 Early complaints include weakness,
nausea, headache, and decreased vision, which can then progress to blindness,
coma, and death. Funduscopic examination may reveal a retinal sheen due to
retinal edema., ‘

The minimum lethal dose is 50 to 100 mL, although smaller amounts can lead
to permanent blindness. Similar clinical and acid-base disturbances may result
from the ingestion of formaldehyde. !¢’

Osmolal gap The diagnosis of methanol ingestion is made by a specific serum
assay for methanol. In addition, the presence of methanol intoxication may be

suspected indircctly by the demonstration of an osmolal gap between the measured
and calculated plasma osmolality: 68169

[glucose] + BUN
18 2.8

Methanol is a small molecule (mol wt 32) that can achieve high osmolal concen-
tration in the plasma. A level of 80 mg/dL, for example, is equivalent to 25
mosmol/kg. Thus, the measured plasma osmolality will exceed the calculated
value in Eq. (19-16) by this amount. A similar but less prominent effect can be
induced by ethylene glycol, which is a larger molecule (mol wt 62) that is present in
lower molar concentrations than methanol. Salicylates, on the other hand, have
onlly6 8a minor effect, since their plasma level is almost always less than 5 mosmol/
kg.

Thus, a high osmolal gap in a patient with an otherwise unexplained high anion
gap metabolic acidosis has been thought to be suggestive of the presence of either
methanol or ethylene glycol intoxication. However, an elevated osmolal gap is a
relatively nonspecific finding, since it is also seen in other high anion gap acidosis,

Calculated Py, = 2 x plasma [Nat] 4 (19-16)
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Ethyl Methyl Etlhyllfnle
alcohol alcohol alcoho on
H;C—CH,—OH H,C—OH HO—CH,—CH,—
\| ~ NaD N (;NAD b} C NAD
+
C NADH+H* NADH+H* NADH+H
CH,—C—H H—C—H HO—CHz—ﬁH
o ]
o [0} y
Acetaldehyde Formaldehyde Glycoaldehyde
+ +
H,O H,0
NAD NAD NAD

b ® C
C NADH+H" NADH+H*

ﬁC
NADH+H*

CH;—C—OH H—ﬁ—OH HO—CHz—(lf—OH
o
Acetic Formic acid Glycolic acid
acid l
HC—C—OH
[
O
Glyoxylic acid
|
|
HO—C—C—OH
L
Oxalic acid

i 19-5 Pathways of metabolism of ethyl alcoh(?l (ethanol),' methyl alcohol (mlethasn(l)lll)é Exr]:t
g lycol. Alcohol dehydrogenase (bold arrow) is a cytosolic enzyme th'fll catalyze th
eth'ylel'le ¥ ycol.‘ - each alcohol. Aldehyde dehydrogenase (star) is a mitochondrial enzyme that then
e ilep 01nd oxidative sl.ep. The products in boxes are those responsible for tht.e major rea(3:%17031;s
::;‘:)l;if:c: :Sifflcr(;lelhanol or ethylene glycol intoxication. (ddapted from Garella S, Kidney Int 33:735,

1988. Reprinted by permission from Kidney International.)

such as diabetic or alcoholic ketoacic.losis, lact_ic ac‘idosis, alﬁisionl lft}::rs())rll%g,’lgl,llgol,lglt

e the oo t10 - sfl:?tl;zrlcgfr:ln;tde?\t;ﬁi csonllliomitant n;easurement

1;;1:;1;3;?;:;2 et:ltllia(t)lsol?giilc%;lzratioilz,l iince patients ingesting methanol or ethylene

leCC’i}hzf;ZI:t2?;‘?2:}‘)1(0322%1163?0‘:‘1%6 osmolal gap in }liei'oaclid:)sis ie(lir:)(iiéaztlilcczl alcai((:itci)(-:
olic ketoac

:isidt:)z‘i/: I‘lc())rt el:(z(ilrip(li;ﬁ?lfs .oislocl):f gsefgdi}lll (:It;ezelzccc)iisorders averaged 27 and 17

i icati i i lasma
* Deteclion of an osmolal group with an alcohol mtox1cat1.on can be acluz?ved otnbt/) ;{i:)l;eol} o
osmolality is measured by freezing-point depression. In comparison, the osmotic contri

i i i nique assumes that
tile alcohols is not detected when a vapor pressure osmometer is used, since this techniq

P 172,173
only water is in the vapor phase.
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mosmol/kg, respectively.!?! Although ethanol contributed in many of these
patients, the gap remained at 10 to 11 mosmol/kg after the effect of ethanol
was subtracted. Several possibilities can explain at least part of the persistent
osmolal gap in this setting:

o The release from the cells of smaller products of glycogen breakdown (other
than lactate) into the circulation
e The accumulation of acetone in ketoacidosis

The net effect of these observations is that an elevated osmolal gap alone is
not diagnostic of a particular disorder in the patient with a high anion gap meta-
bolic acidosis. If, however, the history is not suggestive of either lactic acidosis or
ketoacidosis, then a high osmolal gap (particularly if > 25 mosmol/kg) strongly
points toward methanol or ethylene glycol intoxication.'?! In this setting, prophy-
lactic ethanol infusion can be initiated to prevent the formation of toxic metabo-
lites, pending results of the assays for these toxins (see below).

An osmolal gap can also be found in a number of other conditions that are not
associated with metabolic acidosis, including ethanol or isopropyl alcohol inges-
tions or after the administration of intravenous glycine (during transurethral
resection of the bladder or prostate; see page 713) or mannitol.!”

Treatment Prompt treatment is required to prevent death or permanent residue
such as blindness after a methanol overdose. In addition to correcting the acid-
emia with NaHCO; and administering oral charcoal to minimize further drug
absorption,!™ there are two basic aspects of therapy in the presence of severe
poisoning: (1) administration of ethanol or fomepizole to prevent the formation
of. toxic metabolites and (2) hemodialysis to remove both the parent compound
and metabolites,!”>"177

Intravenous or oral ethanol is an effective therapy because alcohol dehydro-
genase, the enzyme that is necessary for the metabolism of methanol and ethylene
glycol into their toxic metabolites (Fig. 19-5), has more than a 10-fold greater
affinity for ethanol than for other alcohols. 37176178 Thic effect is most prominent
when the plasma ethanol concentration is about 100 to 200 mg/dL, a level that can
generally be achieved by the following regimen: a loading dose of 0.6 g/kg plus an
hourly maintenance dose of 66 mg/kg in nondrinkers, 154 mg/kg in drinkers, and
240 mg/kg once hemodialysis is started.'’®!” If oral ethanol is given, the dose may
have to be doubled if charcoal has been administered.!” Regardless of the mode
of administration, the plasma ethanol concentration should be monitored, since
adjustments in dosage will be required in some patients.

The effect of ethanol has also been demonstrated in selected patients who
become intoxicated with both methanol and ethanol.'® In this setting, there
may be very high plasma methanol levels, but no symptoms and no metabolic
acidosis, since formaldehyde and formate production are minimized.

An alternative to ethanol is the administration of fomepizole (Antizol), which
rapidly and competitively inhibits alcohol dehydrogenase more potently than
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ethanol.'®'"'® Small studies or case series have documented_ dramatlc clinzprtOVe;
ments in acidemia and prevention of renal injury when fomepizole 1;111?? ;) Eﬁa
ethylene glycol intoxication, 84185 Fomepizolelalso prolongs the gaF- ife o.Zzlee;
nol; thus, the simultaneous use of both agents is not recommended. [())mf]p:; ole |
usually well tolerated but occasionally produce.s he'adajche.:, nausea, brady ,
dizziness, eosinophilia, or mild, transient elevation in liver enzymes. 4 and
Hemodialysis is used to remove both the parent comp.odurz1 :
metabolites.!’” Sorbent-based hemodialysis sy§tems shquld be avoi te..d, :;n]%‘é
drug clearance may be impaired because o'f rapid sgturgﬂgr; olf 'ﬂf C};cll‘ 1111 ﬁot. o
Drug removal is also much slower “'/itl*;, 1perltoneal dialysis,”*" which shou
‘ modialysis is not available. . .
usedlﬁlng;gi ethanﬁl is begun at the time of diagl}%sis and c'ontlr.lued until the
ration i dL."”” Hemodialysis should also
plasma methanol concentration is below 20 mg/ Yol shou @ a1so
be instituted if the plasma level is greater than SQ m.g/dL, more 175an
been ingested, acidemia is present, or visual acuity is decreased.

fluid, can produce a metabolic acidosis, primarily via metabolism to hippuric
acid.¥? However, the hippurate anion is both filtered and secreted and is therefore
rapidly excreted in the urine. As a result, the patient may present with a minimally
elevated or even normal anion gap, incorrectly suggesting the possible presence of
renal tubular acidosis.>? The ingestion of elemental sulfur, used as a folk remedy, is
associated with the generation of sulfuric acid.'%? The anion gap remains normal
in this disorder, since the excess sulfate is rapidly excreted in the urine. Inhalation

of chlorine gas leads to the production of hydrochloric acid, producing a normal
anion gap acidosis.'”’

Hyperalimentation fluids The administration of hyperalimentation fluids can pro-
duce a metabolic acidosis by two mechanisms. First, some of these solutions

contain an excess of cationic amino acids, such as arginine and lysine. When
these amino acids are utilized, H* ions are formed: !

R-NHf +0, — urea+ CO, +H,0+H*
Ethylene glycol Ethylene glycol is a com.ponent of antifreeze': and sgl\;('etntss(;?iat
is metabolized via alcohol dehydrogenase into a var{ety of toxic met'ad oli 13 { ai
19-5). The most important appear to be glycolic acid and oxghc acczll ’-W15;?187,188
responsible for both the clinical symptoms and the_ metabo}lc ?8091’1900511;. P
After ingestion, there are three clinical stages of varying seveu.ty. 1: Cgma
first 12 h, neurologic symptoms predominate, ranging from d}}mkennﬁss (: X
This is followed by the onset of cardiopulmongry abnormahtle_:s, sucT has lat(iezlzs
nea and pulmonary edema, and then flank pain and renal fallure.h 1e ain ot
primarily due to glycolate-induced damage to the tubules, althoPtg) pllgglggl %r o
the tubular lumen by precipitated oxalate cr);stallosomai also contribute.

of ethylene glycol is approximately mL. .
leth%ll"t?eosgiagnosi);, susithed from the histo.ry and the lIg?ssmle preselflicin :({
envelope- and needle-shaped oxalate cry.stals in the urine, ~ can .cl;e con 1rlsm
by the demonstration of ethylene glycol in the serum. The standar bastsayn ivi
sodium periodate and Schiff’s aldehyde reagent is gener.ally accurz:;e : u clz;2 gr ve
a false-positive result if mannitol has been given to induce a lules;s.l _The
diagnosis may also be suspected indirectly by Fhe presence.of an ﬁsmola ﬁi fh "
the plasma, although this is generally less prominent than with methanol, w
a smaller molecule (see “Methanol,” above).

This is in addition to the HY ions generated by the sulfur-containing amino acids
in the solution. Second, starved patients may become hypophosphatemic when
fed, resulting in a fall in phosphate and therefore titratable acid excretion. In this
setting, the H' load associated with the metabolism of the administered protein is
not as efficiently excreted, and metabolic acidosis is more likely to ensue. !

Gastrointestinal Loss of Bicarbonate

Diarrhea and fistulas The intestinal fluids below the stomach, including pancrea-
tic and biliary secretions, are relatively alkaline. The net base in these fluids, which
may have a total concentration of 50 to 70 meq/L,"7 consists of HCOj as well as
organic anions, which, if absorbed, would be metabolized to HCO3.!® Asa result,
diarrhea, a villous adenoma, or the removal of pancreatic, biliary, or intestinal
secretions (by tube drainage, fistulas, or vomiting if there is intestinal obstruction)
can lead to metabolic acidosis, % particularly if volume depletion or underlying
renal disease limits the ability of the kidneys to adapt by increasing NH}
excretion.

The same sequence can occur in occult laxative abuse, which should be con-
sidered in any patient with a hyperchloremic metabolic acidosis and/or chronic
diarrhea of unknown etiology.'20 A many as 15 percent of patients referred to
tertiary care centers for evaluation of chronic diarrhea are found to have laxative
abuse as the cause of their diarrhea,2’! However, for reasons that are not well
understood, many patients with laxative abuse present with metabolic alkalosis
rather than acidosis.!?72%2

The increase in stool output in diarrheal states can result from either increased
intestinal secretion or decreased absorption of fluids that have been secreted 23
Secretion, for example, may be increased with cholera, toxigenic Escherichia coli,
or humoral substances released from tumors, such as vasoactive intestinal peptide.

Treatment The specific treatment of ethylene glycol 'mtoy.ucle;‘%%rgl’l%sg _}?f%ﬂ‘ﬁ?},&‘;
that for methanol: ethanol or fomepizole and hemodlglymg. e
Other modalities that may be helpful include a f01:ced dlul'es.m tqlmmn:llzeil tu 1i1ne
blockade by oxalate crystals and the adm.inistranon of pyr@oxme lan. t 1anc11 a:
which respectively promote the conversion of glyoxylate into glycine an
hydroxy-p-ketoadipate, rather than the more toxic oxalate.

Other toxins A variety of other toxins can rarely lead to metabolic ac1fio§1s.
Sniffing of roluene, a component of paint thinners, model glues, and transmission
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Ureterosigmoidostomy and other forms of urinary division Implant?t_xlon oft}tlhi
ureters into the sigmoid colon or, more recently, a short loop o 1eumt. 2;
opens at the abdominal wall (ureteroileo_stomy) has been u.se_d to treat 1;a }eilhs
with obstructive uropathy due to locally invasive tumor, surgical r.emo\;i t(1) e
bladder for carcinoma, or less often neurologic bladder dysfqnctlon. ?lp&?r-
chloremic metabolic acidosis is a relatively common comphcanor-l of urei;emtmg-
moidostomy (occurring in up to 80 percent of cases) and is due to two

factors: 197,204-207

e The colon has an anion exchange pump, with luminal C1™ being reabs.orbe?g
 as HCOj is secreted. Thus, when 1111;i11i1ryt .Cl_thenttersl tz%lg colon, it wi
‘ ange for HCO;3, which will then be lost 1n e stool. '

. ?l“xlfil colgon can direi:tly absorb NH{, which islggi%‘;ved both from the ugn.e

~ and from urea-splitting bacteria in the colon.”" I.n the liver, the NHY is
metabolized into NH; and H". Hyperammonemic encephalopatby cag
occur in patients with underlying liver disease or a markeq amzroréoma loa
due to a urinary tract infection with a urea-splitting organism.

Metabolic acidosis is much less likely with a ureteroi.leostomy, since rap}d draléletlﬁe
of urine into an ileostomy bag means that contact time .betw.een the urine an te
intestine is normally too short for significant ghanges in urinary compc:ls:)tlon 0
occur. However, metabolic acidosis can be seen if contact time 1s }nc;r&a};& tlalcause
of malfunction of the loop (most often due to.stomal ste.nos1s). X 1'T u_sé(i
loopogram should be performed when an otherwise unexPla}ned Ifnetg 0 1ca211$n >
sis develops in a patient with a ureteroileostomy. Reabsm ption o umll)gry ammo-
nium appears to be more important to the fa}l in the plasma.1 1ca1204'205
concentration in this setting than is secretion of bicarbonate in the ileum.

Cholestyramine Cholestyramine chloride is an orally administered resin ltlsed ;E
the treatment of hypercholesterolemia. It is nonreabsorbable gnd can‘ a:i: as
anion-exchange resin, exchanging its C1~ for endogenous H(?O3 a}1(1. pro dllCing a
metabolic acidosis.2'® This problem is most 1i1.<ely to occur if the1.e is underlying
renal disease, which can minimize renal excretion of the excess acid.

Renal Tubular Acidosis

Renal tubular acidosis (RTA) refers to those con@itiogsl izrllzwhlch me.tabo‘hc ac@o;
sis results from diminished net tubular H* §ecret10n. ' There are "}hfle niag_%
types of RTA, the characteristics of which are summanged in Ta et D of
Although these disorders are relatively unusual in adul.ts (with the gxcegl)l '1c;1 o
type 4 RTA), they provide interesting exarr;plgs of .thz different ways in whic

ion of acid-base balance can be impaired. o
rena}[;?ag:i?éosis associated with renal failure couI.d also b'e included in this igfoupd.
However, NH] excretion per total GFR in Fhis Sgl)sordﬂ is equal .to that élc 1e\§:l !
in acidemic patients with normal renal function.”” Thus, as mentioned above,
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Table 19-6 Characteristies of different types of renal tubular acidosis”

Type 1 (distal)

Type 2 (proximal) Type 4

Basic defect

Urine pH during
acidemia

Plasma [HCOj],
untreated

Fractional excretion of

HCO;3 at normal
plasma [HCOj3]

Diagnosis

Plasma [K*]

Dose of HCOj3 to
normalize plasma
[HCO7), meq/kg per
day

Nonelectrolyte
complications

Decreased distal
acidification

>53

May be below
10 meq/L

< 3% in adults, may
reach 5%-10% in
young children

Response to NaHCO;
or NH,Cl

Usually reduced or
normal; elevated
with voltage defect

1-2 in adults, 4-14 in
children

Nephrocalcinosis and
renal stones

Diminished proximal  Aldosterone deficiency
HCO;3 reabsorption or resistance

Variable: > 5.3 if
above reabsorplive
threshold; < 5.3 if
below

Usually < 5.3

Usually 14 to 20 meq/L Usually above 15 meq/L

> 15%-20% < 3%

Response to NaHCO; Measure plasma
aldosterone

concentration
Normal or reduced Elevated

10-15 1-3; may require no
alkali if hyperkalemia
corrected

Rickets or osteomalacia None

" “What had been called type 3 RTA is actually a variant of type | RTA (see below).

major problem in renal failure is too few functioning nephrons, not diminished
tubular function. In addition, the ability to maximally acidify the urine (urine

pH < 5.3) is usually maintained in renal failure, in contrast to type 1 and, in
some circumstances, type 2 RTA.!27-130.131

Type 1 (distal) RTA Type 1 RTA is characterized by a decrease in net H*
secretion in the collecting tubules such that the urine pH, which can normally
be lowered to a minimum of 4.5 to 5.0 in these segments, remains above 5.3. This
defect in acidification diminishes NHY and titratable acid excretion, thereby pre-
venting complete excretion of the dietary acid load. As a result, there is continued

H™ retention, leading to a progressive reduction in the plasma HCOj3 concentra-
tion, which may fall below 10 meq/L.

Pathogenesis Acidification in the collecting tubules is primarily achieved via H*
secretion by a luminal H*-ATPase pump (see Fig. 5-3). This pump is located both
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in the cortex (where it is present only in the in/e;.‘ca/atea' cells) and in the
medulla.?'**'* Although the H* secretory cells in the dlsta.l nephron d.o not .t.rans-
port Na*,21>21% net H' secretion in the cortical col.lectmg tubule is indirectly
influenced by Na™ reabsorption in the adjacent principal cells (see Fig. 5-2). T.he
removal of cationic Na® from the tubular fluid make?s thej lumen more eleCt.IO.-
negative, thereby promoting the accumulati2c1>§12§)6f2§4r ions in the lumeJrrl by Il’il.nl-
mizing the degree of passive back-diffusion.”™” '+ In comparison, H. secre 1(1)111
in the medulla largely occurs in the absence of 31\21?8 reabsorption by adjacent cells
and therefore is essentially Na+-ina'ependel11‘.2l ’

This brief review of distal acidification suggests that there are three mechan-

isms by which type 1 RTA can occur.?'2122"

e The most common problem is thought to be a defect in the H+-ATPa§e
pump, which may be present in the cortex and/or the medu‘lla.. It 11s
likely that a number of different defect.s can directly or indirectly
cause this problem: Three patients with Sjégrer_l’s syn.drome haye been
described in whom immunocytochemical analysis of tissue obtalged by
renal biopsy showed complete absence of H*-ATPase pumps in th'e
‘intercalated cells.?'*?? How immunologic injury leads to this change is
not known. . .

There are also genetic forms of type 1 RTA. In patients _w1th .z\utosomal
dominant disease, mutations in the gene for the chlo_rlde-glﬁglg)onat'e
exchanger (AE1 or band 3) have often been described. - This
exchanger is responsible for returning bicarbor'late.generz'xted w1th1n' the
cell during hydrogen secretion to the systemic cn‘culatmp. Mutatloris
have also been described in the gene encoding the B sul_)unlt of the H™-
ATPase pump; this disorder is associated with sensorlneura! deafneils,
suggesting that the pump is also required for normal function of the

er ear. o

° 1ll"llrllere can be a reduction in cortical Na™ reabsorption, thereby diminishing
the degree of luminal negativity and producing a 1"0/tage—fz’epen+dent defect.
This abnormality will lead to a concurrent impairment in K™ secretion,
which is also driven in part by the favorable electrical .grad'lent_(see .Chap.
12).2° Thus, hyperkalemia will accompany the me.taboh.c acidosis; this pro-
blem has most often been described in patients with urinary tract obstruc-
tion and sickle cell disease.2'”?2¢"2%8 In the former disorder, for examplef, a
reduction in Nat-K*-ATPase activity may be respon.sible for the 1‘e('1uct1cj>Ln
in Na* reabsorption; there may also be a conconntanF decrease in H"-
ATPase activity in the outer medulla, further decreasing the ablhty'to
secrete hydrogen ions.”” Impaired distal hydrogen and potagsmm secretion
may also occur with any cause of marked volume _depletlon', where the
diminished distal delivery of Na* can induce a readily reversible form of
type 1 RTA #4230 ‘ ‘

An alternative mechanism may explain the development qf hyperkalemic
type 1 RTA in some cases.”>! These patients may have two different defects:
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(1) an impairment in the H*-ATPase pump, which is responsible for
the RTA, and (2) hypoaldosteronism or aldosterone resistance induced by
tubular injury, which is responsible for the hyperkalemia.

e There can be an increase in membrane permeability, which allows the back-
diffusion of H' ions (or possibly H,CO3). A urine pH of 5.0, for example, is
associated with a H* concentration that is 250 fimes greater than that in the
extracellular fluid. This gradient can be maintained only if the luminal
membrane and tight junction are relatively impermeable to H*. A gradient

defect has been documented only in patients treated with amphotericin B,
which is a potent tubular toxin.?'!23

The possible site and mechanism of the acidification defect in type 1 RTA
have been partially elucidated by the responses to furosemide and Na,S0,.2"7
Both agents enhance luminal electronegativity by increasing Na* delivery to
and reabsorption in the cortical collecting tubule; in addition, the presence of
the impermeant anion SO}~ will tend to make the lumen more electronegative,
since the gradient created by Na‘t transport cannot be dissipated by SO3~
reabsorption.

The changes that these agents induce in Ht and K* excretion in normal
subjects and those with type 1 RTA are shown in Table 19-7:217:228

e Normal subjects with metabolic acidosis will have an acid urine pH (< 5.3)
that can be further lowered with furosemide or Na,S0,; the increase in
electronegativity will also enhance K excretion in this setting.

e Patients with diffuse impairment in the H*-ATPase pump (due to decreased
function or number) will have a persistently alkaline urine pH but a normal
rise in K excretion, since principal cell function is intact. A similar result

will be seen if the pump dysfunction is limited to the cortical collecting
tubule.

Table 19-7 Response to furosemide in normals and different types of type 1 renal
tubular acidosis”

Urine K* excretion
Type of defect Site + Acidosis Furosemide Baseline Furosemide
Normal <53 Further decline  Normal Increased
H*-ATPase pump  Diffuse or > 5.5 >5.5 Normal Increased
CCT alone
H*-ATPase pump MCT >35.5 < 5.5 Normal Increased
Voltage or Na™ CCT > 5.5 > 5.5 Decreased No response
reabsorptive

“Similar responses will occur to NayS0,. CCT equals cortical collecting tubule; MCT equals
medullary collecting tubule.
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o Patients with a pump defect that is limited to rhe. medulla will haye 1afrela—
tively normal increase in both H* and K+ excretion because cortlc'a.t unc-
tion is appropriately stimulated by the rise in luminal electror_legatm )11

o Patients with a primary impairment in cortical Na reabsorptlon (a vo ,ugf
defect) will have baseline hyperkalemia and no postthe.rapy mgrez;se 11nt _
or Kt excretion, since there is no enhancement in 'l_urmna ehec r0
nega’dvity.ng’23 3 1t is not possible to exclude the possibility that there is

also a defect in pump function in this setting.

Although proximal HCOj3 reabsorption is inta_ct in .thls dlsofrc}er, vaﬁlatiie
degrees of fixed bicarbonaturia are obligated by_the high urine de. Ih, or Fr)i)am Izhé
the urine Pco, is 46 mmHg (similar to t.hat in venous bloo ),‘ then, o
Henderson-Hasselbalch equation, the urinary HCO3 concentration wi y

with the urine pH*:

, HCO3
Urine pH = pK, + logéﬁc%z (19-17)
i below 6.0, the urinary HCO3 concentration _is nt.egligible..In adu.lts
éittﬁ ?yrgzeﬁ{lm, the urine pH is usually less than 6.5, resulting in a ;ﬁlg(\;e_lyblgﬂd
degree of urinary HCOj loss with less than 3 percent of t‘he ﬁltefe He :hat fo%
excreted (Fig. 19-6). The latter can be calculated from a formula smu“ar o \« for
the fractional excretion of Na* (see page 407), using a random urine spec
collected under oil to minimize the evaporative loss of CO,: ‘

urine [HCOj3] x plasma [creat%n%ne] « 100 (19-18)
plasma [HCOj3] x urine [creatinine]

FEgco; (%) =

In children, however, the minimum urine pH is generally higher and I}ilxed HCOI:I
losses, which can be calculated from Eq. (19-17?, are greater.ﬂWhen t ehursmte p10
exceeds 7.0, for example, the fractional excr§t101'1 of HCO; can reac -~ oS 10
percent, thereby making an important contrlbutlor.l to the a01dem1a._ N is E; y
drome, which has been called type 3 RTA, occurs in 1nfapts, who w1t1 1}1{1TaA ew
years have a lower urine pH and follow a course more typical of type .

Plasma K% concentration The different types of acidiﬁcatiop defects ptrpdliﬁz
different changes in K* balance. Those patients W_l:O have an nppalrmznt 1r;1 the
H*-ATPase pump or increased permeability to H ba%c(s—%lffusmn t;nt oS -
urinary Kt wasting and hypokalemia prior to therapy.=™=" Three factor
contribute to this problem:

. . . . . + . . ust
e Single net distal H* secretion is diminished, more Na™ reabsorption m
: 1t
now occur in exchange for K.

i i om
* The urine pK. varies with total electrolyte concentration and may be somewhat different fr

the plasma value of 6.10.2%
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Figure 19-6° The relationship between urinary HCO3 excretion and the plasma HCO3 concentration
in normal subjects (dashed line) and in patients with type 1 and type 2 RTA as NaHCO; is administered
to raise the plasma HCO3 concentration toward normal. In the last condition, there is little urinary
HCOj and an acid urine pH when the plasma HCOj3 concentration is below the maximal reabsorptive
capacity. Above this level, however, there is a rapid increase in HCO3 excretion such that more than 10
to 15 percent of the filtered HCO3 is excreted at a normal plasma HCO7 concentration (shaded area).
Patients with type 1 RTA, on the other hand, are similar to normal subjects except that there is a fixed
degree of bicarbonaturia obligated by the high urine pH. In adults, this is generally less than 3 percent
of the filtered load, but it can reach 5 to 10 percent in infantile type 1 RTA, in which there is a higher
minimal urine pH. (Adapted from Sebastian A, McSherry E, Morris RC Jr, in Brenner BM , Rector FC Jr
(eds): The Kidney. Philadelphia, Saunders, 1976, chap 16, with permission.)

e There may be a concurrent decrease in the activity of the second proton
pump in the luminal membrane of the cortical and outer medullary collect-
ing tubules, the H*-K*-ATPase pump that reabsorbs K* as well as secret-
ing H* (see Chap. 11).2'*2® The main function of this pump may be to
reabsorb K* in states of K+ depletion, rather than to maintain acid-base
balance. As a result, its inhibition may promote urinary K* wasting and
hypokalemia as well as metabolic acidosis,2*

e Metabolic acidosis leads to increased NaCl and water delivery out of the
proximal tubule; the ensuing Na*-wasting results in secondary hyperaldo-
steronism and increased K™* losses. The latter defect in proximal function is
a probable reflection of the low plasma HCOj3 concentration and therefore
the less quantity of HCOj reabsorption by Na*-H* exchange in the prox-
imal tubule. The Nat-Ht exchanger plays an important role in proximal
NaCl reabsorption, both by creating a gradient for passive CI~ transport
and by promoting active CI~ transport by operating in parallel with a CI~
formate™ exchanger (see page 79).
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Thus, any cause of metabolic acidosis will tend to di.miniEh net proximgl
fluid reabsorption.?*® Acidemia can also directly impair Cl Fransport (yxa
an unknown mechanism) in the cortical aspect of the thick ascending
limb.**!

These abnormalities and most of the urinary K™ wast.ing can be revgrsed by
correction of the acidemia.??®?7 Some defect may per§1st, however_,.m those
patients with impaired pump activity, since there will still be 2:_ r.equuement' tc;
secrete more than n(‘gmal amounts of K™ in exchange for Na™ in the cortica

ing tubule.?%? o '

Co‘uelcr?lggmparison, those patients with a voltz}ge defect due tq (_hmmlcslheiii dlfstal
Na* transport will have a lesser degree of luminal ele.ctronegatmty an tliere c?;e
will excrete less HY and K™, resulting in hyperkalemia as well as metabolic aci }
osis 2121722628243 Thege patients appear to have norrpal .amc?un.ts 0
H+-ATPase in the intercalated cells.** Although '.hyperkalemlc acidosis 11s als?1
found in type 4 RTA, this disorder is associated with 1?4vgzgldosterone levels an
usually intact ability to reduce the urine pH below 5.3.™"

Nephrocalcinosis  Hypercalciuria, hyperphosphatl}ria,' nephrollthlasis (w1th. ctalc-1
cium phosphate or struvite stones), and nephroca_lgmosm are fregue?nt y assgcm;}e1
with untreated type 1 RTA. 22 1 some families, hypercalciuria precex esh e
metabolic acidosis, suggesting that calcium-induced t}lbulz_lr .da.rnage is then
responsible for the RTA. 22 In most cases, however, acidemia is .dlrectly re_spon}
sible, both by increasing calcium phosphate releasc? from bone d}mng buff'erlng }(1)
the excess HT'*>*%2% and by directly g;educing (via an uncertam_m'ecl?amsm)r ;He
tubular reabsorptionf olf theslf iOIllS.25 ! ZHggci clzgrlr::n(t)rfaktli?;rZ(;?101urla is generally
rtional to the fall in the plasma 3 .
prOPI(r)l addition to hypercalciuria and hyperphosphaturia, two o'ther factf)rﬁ
increase the tendency to stone formation in type _1 RTA: the pers1stent13,'1h1gl
urine pH, which promotes the precipitation of calcmm_ phgsphate, anq low levels
of citrate excretion. Citrate normally inhibits crystallization t?y forming a nton;
dissociable but soluble complex with Calcilélgl_,z 4tgléesrseby decreasing .the amoun od
free calcium available for stone formation i Both rpetabohc a01dos1suanH
hypokalemia may contribute to the hypocitraturia by lowering the tublilar 1(21 % 1
in the proximal tubule, the former directly and_ theilatter by tran‘scellu ar‘l' t/ .
exchange (see page 356).2%6257 Intracellular acidosis promotes citrate utld iza t1cf)0r,
leading sequentially to low citrate levels in the cell, a more favqrable gradien
citrate reabsorption from the tubular lumen, and a de<_:hne in citrate excretion.
The acidemia-induced fall in luminal pH in the pr}o_xx.mal tubule also maybC(l))rll—
tribute to this response by converting filtered citrate’ into the more reabsorbable
. 2— 258
mtragione disease is less common in incomplete type 1 R’l("A.zt‘Zlﬁo I)n this setting,
inary citrate levels may be of primary importance (see below).
o Zlﬁ (?f zhe above changesy in complete type 1 RTA typically respond to iarly
and complete correction of the acidemia: less calcium phosphate release from
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bone, enhanced tubular reabsorption of these ions, an increase in urinary citrate
excretion (although not necessarily to normal,2*¢248:25 5nd prevention of nephro-
calcinosis and nephrolithiasis,2*"2*826! even in the incomplete form >

In general, potassium citrate (citrate is rapidly metabolized in HCO3) is the
preferred therapy.®® It is better tolerated than HCO;3 solutions, correction of
hypokalemia will further increase citrate excretion, and the natriuresis associated
with sodium citrate leads to an undesirable increase in calcium excretion, since
Na* and calcium handling are indirectly linked in the proximal tubule and loop of
Henle (see Chap. 3).26%263

In contrast, alkali therapy alone is less likely to prevent nephrocalcinosis in
those patients with hereditary RTA in whom hypercalciuria is the primary
defect. ™42 In this setting, conventional therapy for calcium stones, such as a
thiazide diuretic to diminish calcium excretion and neutral phosphate to increase
the excretion of the crystallization inhibitor pyrophosphate, may be effective.264-266

Incomplete type 1 RTA Some patients with defective urinary acidification do not
become acidemic, a syndrome that is referred to as incomplete type 1
RTA."267.2% patients with the incomplete form have a normal rate of ammo-
nium excretion despite a high urine pH. Why this occurs is not clear, but the
observation that they also have a low rate of citrate excretion (similar to the
complete form) suggests that there may be a primarily abnormality in the proximal
tubule, such as an intracellular acidosis.?®® This will promote proximal ammonium
and H* secretion; by the mechanisms described above, both the intracellular and
intraluminal acidosis can then enhance net citrate reabsorption.

The proposed increase in proximal ammonia production in combination

with hypocitraturia can then explain the other findings in incomplete type 1
RTA*8

e The increase in ammonia production will drive the reaction, NH; + Hf <
NHJ, to the right, thereby lowering the free hydrogen concentration and
raising the urine pH, even though total ammonium excretion is normal.

e The combination of a high urine pH and low citrate excretion can promote
the precipitation of calcium phosphate in the tubules and the interstitium,
possibly leading to kidney stones or nephrocalcinosis.

e The direct toxic effect of NH; (which is freely diffusible and can accumulate
in the medulla) and perhaps calcium phosphate precipitation may explain
the occasional progression of incomplete to complete type 1 RTA with
metabolic acidosis. According to this hypothesis, the impairment in collect-

ing tubule function is a secondary process induced by the primary abnorm-
ality in the proximal tubule.

Etiology Many different conditions have been associated with type 1 RTA
(Table 19-8).2'> The most common identifiable causes in adults are autoimmune
disorders, such as Sjogren’s syndrome and rheumatoid arthritis, hyper-
calciuria which is the primary defect in some families), toluene sniffing in



[N ol A I AN

L

620 PART THREE PHYSIOLOGIC APPROACH TO ACID-BASE AND ELECTROLYTE DISORDERS

Table 19-8 Major causes of type 1 renal tubular acidosis

Primary
A. Idiopathic or sporadic
Hereditary .
A. Familial, including hypercalciuria as the primary abnormality
B. Marfan’s syndrome
C. Wilson’s disease
D. Ehlers-Danlos syndrome
Disorders of calcium metabolism and nephrocalcinosis
A. Idiopathic or familial hypercalciuria
B! Primary hyperparathyroidism
C. Hypervitaminosis D
D. Medullary sponge kidney
Autoimmune diseases
A. Sjogren’s syndrome
B. Rheumatoid arthritis
C. Systemic lupus erythematosus
D. Chronic active hepatitis
E. Primary biliary cirrhosis
F. Hypergammaglobulinemia in cirrhosis
G. Thyroiditis
Drugs and toxins
A. Amphotericin B
B. Ifosfamide
C. Lithium carbonate
D. Analgesic abuse
E. Light chains in multiple myeloma
F. Toluene
Associated with hyperkalemia
A. Urinary tract obstruction
B. Sickle cell anemia
C. Renal transplant rejection
D. Systemic lupus erythematosus
Marked volume depletion of any cause

recreational drug users (although, as noted above, ov;;rproduction of hippuric
acid is the probable mechanism in this setting),” and marked volume
depletion;219'220'230’244'245'269'270 in comparison, hereditary RTA is most common
in children.?®! In selected patients with Sjdgren’s syndrome, the correct diag-
nosis is delayed because the renal tubular acidosis Zggtgnprecede the character-
istic extrarenal manifestations by 5 years or more.”™ :

Clinical manifestations Patients with type 1 RTA are often asympto.matl'c,
although they may have complaints related to stgne disease, to severe amdem_la
itself (see “Symptoms,” below), or to hypokalerpla (Weakpess, fqt1gue, pOlyl'Jirla,
polydipsia). The situation is potentially more serious in children, in whom failure
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to thrive (in infants) and decreased linear growth are common and reversible
findings.'*7+26!

Diagnosis  The presence of type I RTA should be suspected in any patient with a
normal anion gap metabolic acidosis and a urine pH greater than 5.3 in
adults* 3132 o1 5.6 in children.2”? In the absence of a high urine pH due to
infection with a urea-splitting organism, the only other conditions that can pro-
duce this combination are type 2 RTA, volume depletion,*** and hypokalemia
(which increases urinary NH; production).” Measurement of the urine Na* con-
centration and the urine anion gap should be helpful in evaluating the contribu-
tion of the last two conditions: (1) a low urine Na™ concentration (< 25 meq/L)
can raise the urine pH by limiting distal Na* delivery and reabsorption,*?? and
(2) the urine anion gap should be appropriately negative with hypokalemia alone,
since there is no defect in NH{ excretion in this setting,**%"?

Types 1 and 2 RTA can be differentiated by the response to raising the plasma
HCOj3 concentration with NaHCO; (infused at a rate of 0.5 to 1.0 meq/kg/h). The
urine pH and fractional excretion of HCO3 will remain constant in type | disease
but will rise markedly in type 2 RTA, since the reabsorptive threshold for HCOg3 is
excreted in this setting (Fig. 19-6).

A different approach is required in patients with incomplete type 1 RTA, in
whom the plasma HCO5 is normal. This disorder is usually suspected because the
urine pH is persistently above 5.5 in a patient with a positive family history of RTA
or calcium stone disease.!3!+248:260.267 T, diagnosis can be established by giving an
acid load as NH,4Cl in a dose of 0.1 g/kg."*"?" This should induce a 4- to 5-meq/L
fall in the plasma HCO3 concentration within 4 to 6 h. The urine pH will remain
above 5.3 in type 1 RTA but will be less than this value and usually below 5.0 in
normal subjects, in whom acidemia stimulates maximal urinary acidification.

Treatment Correction of the acidosis is generally indicated in type 1 RTA to
allow normal growth to occur in children;'*”*”* to minimize stone formation,
nephrocalcinosis, and possible osteopenia due to calcium loss from
bone; 624825 414 to diminish inappropriate urinary K* losses.”*®%’ The alkali
requirement in this setting is variable, being equal to the fraction of the dietary H*
load that is not excreted plus the fixed HCO3 losses obligated by the high urine pH
(Fig. 19-6). In adults, the latter are relatively small, and only 1 to 2 meq/kg per day
of alkali is usually necessary. In children, however, the urine pH and HCO3 losses
are higher, and as much as 4 to 14 meq/kg per day in divided doses may be
required.'?’

Many patients can be treated only with NaHCO; or sodium citrate® (Bicitra),
since K* wasting is markedly diminished when the acidemia is corrected.236237

* As described earlier, citrate should be avoided in patients who have developed renal failure, since
it increases intestinal permeability and can lead to excessive aluminum absorption and tissue accumu-
lation.!%® This is most likely to occur in patients with renal failure who are taking aluminum-containing
antacids to control hyperphosphatemia (see page 206).
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However, potassium citrate, alone or with sodium citrate (Polycitra), is indicated

urate. > In this setting, metabolic acidosis may be accompanied by hypo-
. T 248,262,263
for hypokalemia or for calcium stone disease or nephrocalcinosis.

phosphatemia, hypouricemia, aminoaciduria, and/or glucosuria at a normal
plasma glucose concentration.

Type 2 (proximal) RTA A different probler;llzizs&)resent in typ?, 2 RTA: decreased
proximal HCO3 reabsorption (Table 19-6).”“*" Normal sub]e_cts who are euvo-
lemic reabsorb essentially all the filtered HCO; until the HCOj3 concentration in
the plasma and, therefore, in the glomerular filtrate ex_ceeds 26 to 28'meq/L gsee
Chap. 3). Above this level, the excess HCOj is approppately excrgted in the urine.
Approximately 90 percent of this HCOj reabsorption occurs in the proximal

le. B
tubuIn type 2 RTA, proximal HCOj reabsorption is reduced, as is total HCO;
reabsorptive capacity. If, for example, only 17 meq/L of glomerular ﬁltralte can be
reabsorbed, then HCO3 will be lost in the urine until the plasma HCOj3 concen-
tration reaches 17 meq/L. At this point, all the filtered HCO? can again .be
reclaimed and a new steady state is achieved. Thus, type 2 RTA is a self-limiting
disorder in which the plasma HCOj concentration is usually between 14 and 20
meq/L‘261 v . .

The absence of more severe acidemia in this condition is a probable reflection
of the intact reabsorptive capacity of the distal nephron, particularly the ou.ter
medullary collecting tubule.?!® In experimental animals, for example, the admln-
istration of a carbonic anhydrase inhibitor can block up to 80 percent gf proxm_lal
HCO75 reabsorption, but only 30 percent of the ﬁltere.d HCOj appears in the u.ru.le
as a result of enhanced distal reabsorption.”” A similar effect probably occurs in
humans, as the total absence of proximal reabsorption lowers the plasma HCO3
concentration to only 11 to 12 meq/L.>” _

The clinical difference between types 1 and 2 RTA can be appreciated by
examining the relationship between urinary HCO3 excrftlon and t_he'plasma
HCO5 concentration (Fig. 19-6). In normal subjects, HCO3 does not 51gn1ﬁcant1.y
appear in the urine until the plasma HCO3 concentration exceeds 26 meq/L. T.hlS
relationship is shifted to a lower level in type 2 RTA. If maximal reabS(irptlve
capacity is 17 meq/L, then administering alkali to raise tk_le plasma HCO; con-
centration above this level will lead to the excretion of increasing amounts of
HCOj5. By the time the plasma HCO7 concentration reaches the normal range,
more than 15 percent of the filtered HCO; will appear in tl.le urine, gnd the urine
pH will exceed 7.5. In contrast, the urine can be made rpammally acid (pH < 5.3—)
if the plasma HCO3 concentration is below 17 meq/L, since all the filtered HCO;
can now be absorbed and distal acidification is normal.

In comparison, the curve relating urinary HCO3 e_:xcretion and 'the plasma
HCO5 concentration in type 1 RTA is similar to that in normal. subjects except
that the elevated urine pH obligates a fixed degree of bicarbonaturia. However, t.he
distal defect prevents the excretion of all of the dietary acid load, and progressive
and severe acidemia can occur.

The defect in HCO3 reabsorption in type 2 RTA may occur alone or as part
of the Fanconi syndrome, in which a variety of other proximal‘ funct}ons are
impaired, including the reabsorption of phosphate, glucose, amino acids, and

Pathogenesis  The factors responsible for the defects in proximal transport in type
2 RTA are incompletely understood.?”® As described in Chap. 11, three factors are
of primary importance in proximal HCO3 reabsorption: (1) the Nat-H* exchan-
ger in the luminal membrane, (2) the Nat-Kt-ATPase pump in the basolateral
membrane that provides the energy of Na*-H™* exchange by maintaining a low cell
Na* concentration and therefore a favorable gradient for passive Na™ entry into
the cell, and (3) the enzyme carbonic anhydrase, which is located both in the cells,
where it results in the generation of H and HCO53, and in the lumen, where it
facilitates HCOj3 reabsorption by catalyzing the dehydration of the H,CO, that is
formed by the combination of filtered HCO; with secreted H™.

It is likely that one or more of these factors must be impaired to account for
the HCO;3 reabsorptive defect in type 2 RTA.?7® As examples, defective carbonic
anhydrase activity and, in cystinosis, ATP depletion have been described in
selected patients.””’"*™ In addition, the administration of a carbonic anhydrase
inhibitor, such as acetazolamide in glaucoma or a topical sulfonamide antibiotic in
extensive burns, often results in a mild metabolic acidosis.?8*28!

Proximal tubular dysfunction can also be seen in multiple myeloma, which
may be the most common cause of type 2 RTA in adults.282283 1t is likely that
toxic light chains are reabsorbed by and then accumulate in the proximal tubular
cells, leading via an uncertain mechanism to impaired tubular function.?®*

Another cause of type 2 RTA is the anticancer drug ifosfamide; #5286 it is
unclear whether the tubular toxicity is mediated by the parent drug or by the
metabolite chloracetaldehyde.”®’ In addition to HCOj loss, other findings that
may occur include phosphate wasting and hypophosphatemia (possibly leading to
rickets in children), renal glucosuria, and aminoaciduria. Signs of distal damage

also may be seen, including type 1 RTA and polyuria due to nephrogenic diabetes
insipidus.?’

K balance Urinary K* wasting and hypokalemia are common in type 2 RTA,
although the degree to which this occurs is variable.2628 Prior to treatment, the
patient is in a steady state in which virtually all of the filtered HCO3 can be
reabsorbed. In this setting, however, there is often persistent hyperaldosteronism
and mild hypokalemia.”® As described above, these changes are probably related
to the decrease in proximal transport of HCO3, which leads to diminished active
and passive proximal NaCl reabsorption and a tendency to Na* wasting.>*® An
additional problem is added with alkali therapy, as the elevation in the filtered
HCO3 concentration above the reabsorptive threshold results in a marked
increase in HCO3 and water delivery to the cortical collecting tubule (Fig.
19-6). This elevation in distal flow with the relatively nonreabsorbable anion

HCOg3 plus persistent hyperaldosteronism combine to further enhance urinary
K* losses (Fig. 19-7).2%8
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Figure 19-7 Relationship between the fractional excretion of ﬁltered. KJr and 'urin.ary HCOj5 excretion
in patients with type 2 RTA in whom the plasma HCOjy concentration is ma.mtamed at normal levels
(22 to 26 meq/L). (Adapted from Sebastian A, McSherry E, Morris RC Jr, J Clin Invest 50:231, 1971, by
copyright permission of The American Society for Clinical Investigation.)

Bone disease Rickets in children and osteomalacia or osteopenia in adults azgs
relatively common in type 2 RTA, occurring in up to 20 percenF of cases.
Although these skeletal abnormalities may also be present in other ac1dem1f: states,
their frequency in type 2 RTA may be due in part to phosphate wast}ng and
subsequent hypophosphatemia and to acquired vitamin D deficiency, since the
proximal tubule is a major site of formation of calcitriol, the most.actlve form
of vitamin D (see Chap. 6). In addition, acidemia can directly impair growth in
children 26"273 .

Nephrocalcinosis and nephrolithiasis do not occur in this disorder, in contrast
to their frequency in type 1 RTA.2*’ Two factors may combine to protect aga.lr.lst
this complication: the ability to lower the urine pH, which increases the solublht.y
of calcium phosphate, and the presence of nonreabsorbed amino acids and organic
anions (including citrate), which can form soluble complexes with calcium, thereby
limiting the amount of free calcium available to precipitate with phosphate or
oxalate.”

Etiology A variety of congenital and acquired disorders can cause t.ype 2 RTA
(Table 19-9). Idiopathic RTA and cystinosis are most common in children;
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Table 19-9 Major causes of type 2 renal tubular acidosis

Primary
A. Idiopathic or sporadic, may be transient in children
Hereditary
A. Cystinosis
Hereditary fructose intolerance (during fructose administration)
Familial osteopetrosis (where there may be diminished carbonic anhydrase activity)
Tyrosinemia '
Glycogen storage disease, type 1
Wilson’s disease
Pyruvate carboxylase deficiency
Lowe’s syndrome
Galactosemia
uired disorders
Multiple myeloma, latent or fully expressed
Hypocalcemia and vitamin D deficiency
Drugs and toxins
Ifosfamide

~FZoTMETOw

Ac

0

0w >

-Acetazolamide or other carbonic anhydrase inhibitor
Streptozotocin

Outdated tetracycline

Lead

Cadmium

Nows N~

. Mercury

D. Amyloidosis

E. Renal transplant rejection
F. Sj6gren’s syndrome

carbonic anhydrase inhibitors and multiple myeloma (which may be latent)
are most often responsible in adults. 238282

Diagnosis  The presence of type 2 RTA should be suspected in any patient with
an unexplained normal anion gap metabolic acidosis, even if the urine pH is below
5.3. Other findings suggestive of proximal tubule dysfunction may be very helpful
in this setting, including hypophosphatemia, hypouricemia, and renal glucosuria.
The diagnosis of type 2 RTA can be established by raising the plasma HCOy
concentration toward normal with an infusion of NaHCOj (at a rate of 0.5 to 1.0
meq/kg/h). The urine pH, even if initially acid, will increase rapidly once the
reabsorptive threshold for HCO3 is exceeded. As a result, the urine pH will be
greater than 7.5 and the fractional excretion of HCOj greater than 15 to 20
percent as the plasma HCOj concentration approaches normal (Fig. 19-6).

Treatment Correction of the acidemia will allow normal growth to occur in
children?"?” and will promote healing of the bone disease (with phosphate and
vitamin D supplementation if hypophosphatemia is also present).”’ The ade-
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quately treated patient should be asymptomatic (unless there i.s a comphcatmg
systemic disease) and able to lead a normal life. Furthermore, idiopathic type 2
RTA in children may be transient, disappearing spontaneously after several
years.?”

Reversal of the acidemia is often difficult, however, because the exogenous
alkali is rapidly excreted in the urine. As a result, }0 to 15 meg/kg/day of a‘lk'ahnm
typically required to stay ahead of urinary excrejtlon. In addl.tlon, an empirically
determined fraction must be given as the K sait, since the assgma?:ed @carbonatyna
Jeads to increased urinary K* losses (Fig. 19-7).%8 Serial monitoring s a}lso required
in children, since growth can lead to substantial changes in alkali 'requlrement.

Either HCOj3 or citrate can be used as the source of alkali. In general, the
latter is better tolerated and, when given in such higl} c.loses, may a_ctually be
slightly safer. The buffering of gastric H" ions by gdmmstcred HCO3 can 1eal;:1
to the rapid formation of up to several hundred mllllht‘erS of CO, in the stomach.
There are isolated case reports in which patients t.akmg more than 20 meq of
NaHCO; after eating a lagggge meal developed gastric rupture due to the sudden
i e in gastric volume. B
mcre\;vashen lirge doses of alkali are ineffective or not weu tolerated, the ad@1t10n gf
a thiazide diuretic may be helpful.”® The ensuing mild .volume depletlor} will
increase the proximal reabsorption of Nat and secondarily that of HCO; (see

Chap. 3).

Type 4 RTA Type 4 RTA refers to metabolic acidosis resglting fiom aldoEterone
deficiency or resistance. Aldosterone normally promotes distal IE and.H secre-
tion as well as Na*t reabsorption (see Chap. 6). The effectzgln H secretion results
both from direct stimulation of the H*-ATPase pumﬁ6 and from increased
luminal electronegativity created by Na' reabsorption. {\s a re-sult3 hypoaldo-
steronism impairs these processes, leading to hyperkalemia (which is generally
more prominent) and metabolic acidosis (see Chap. 28)'. .

In addition to the direct effect of aldosterone deficiency, hyperkalem}a plays
an important role in the metabolic acidosis by impai'ring NHI production an_g
excretion.”>®* This effect may result in part from an increase +1n the tubx_lklar. flui
K™ concentration competitively inhibiting the binding of NHy to'the K site on
the Nat-K*-2CI™ carrier in the loop of Henle. As a result, there will b_e seguentlal
reductions in NHJ recycling within the medulla an'd in NH3 secretion into j[he
medullary collecting tubule (see page 341).2 Reversmg.thls process by .correctlillg
the hyperkalemia often leads to increased NH; excretion and correction of the
metabolic acidosis.” . ' '

The metabolic acidosis seen with hypoaldosteronism is generally mild, W.lth
the plasma HCOj3 concentration usually remaining abmﬁ 2192 meq/L. .Th'e urlﬁx_e
pH in this disorder is generally but not always below2353.3, ' dlStlngIShlgg this
disorder from the hyperkalemic form of type 1 RTA. 'The low urine pH is glso
compatible with diminished NH] production as the primary gbnormahty, since
total acid excretion is reduced because of the lack of available buffers, not
impaired acidification.
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The clinical characteristics of type 4 RTA are discussed in detail in Chap. 28
because of the general prominence of hyperkalemia in this disorder. Although
mineralocorticoid replacement may be effective in treating the hyperkalemia and
metabolic acidosis,?®*7 most patients have underlying renal insufficiency, and the
associated Na® retention can exacerbate edema or hypertension. As a result, the
combination of a low K* diet and a loop diuretic is often used.®® The latter, by

increasing distal Na*t delivery, results in greater luminal electronegativity and an
increase in K* and H™ secretion.??®

Massive Rhabdomyolysis

A rare cause of a high anion gap metabolic acidosis is massive rhabdomyolysis.?’
The presumed mechanism is the release of H and organic anions from the
damaged cells. This diagnosis should be suspected if there is a marked elevation
in the plasma level of creatine kinase (as well as that of other muscle enzymes) and
no other apparent cause for the acidemia.

SYMPTOMS

Metabolic acidosis can result in changes in pulmonary cardiovascular, neurologic,
and musculoskeletal function. Since the respiratory compensation results in as
much as a four- to eightfold increase in minute ventilation (see Fig. 11-16),1112
the patient may complain of dyspnea on exertion and, with severe acidemia, even
at rest. Furthermore, the observation of hyperpnea (affecting the depth more than
the rate of ventilation) on physical examination may be the only clue suggesting
the presence of an underlying acidemic state.

A fall in the arterial pH to less than 7.00 to 7.10 can predispose toward
potentially fatal ventricular arrhythmias and can reduce both cardiac contractility
and the inotropic response to catecholamines.”>3%3%" The last effect may be
mediated in part by decreased delivery of calcium to myofilaments and by
decreased responsiveness of the myofilaments to calcium; how these changes
might occur is not known.*! This decrease in ventricular function may play an
important role in the perpetuation of shock-induced lactic acidosis, and partial
correction of the acidemia may be required before tissue perfusion can be
restored.”® As noted above, however, alkali therapy may actually worsen the
intracellular acidosis in patients with circulatory failure.”'®

Neurologic symptoms ranging from lethargy to coma have been described in
metabolic acidosis. These symptoms appear to be more closely related to the fall in
pH in the cerebrospinal fluid (CSF) than to that in the plasma.’®? In general,
neurologic abnormalities are much less prominent in metabolic acidosis than in
respiratory acidosis. This may be due to the ability of lipid-soluble CO, to cross
the blood-brain barrier much more rapidly than water-soluble HCO3, thereby
producing a greater fall in CSF pH.*%*3* When neurologic symptoms do occur
in metabolic acidosis, a concurrent problem is more likely to be responsible, such
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as the toxic effects of ingestions, diminished cerebral perfl.lsi%rsl in shock, and
hyperosmolality due to hyperglycemia in diabetic ketoacid051§. '

Chronic acidemia, as with renal failure or renal tubular acidosis, can le'czl_(g toa
variety of skeletal problems that are probably due ir} parlt3§(;4gc;1§)azs§ ;)Of6 Ca an.d
phosphate during bone buffering of the excess 13I—I7+271103{)178 PSR Of parti-
cular importance is impaired growth in children.””"*""”*" Other abngrpmhﬂeg that
may occur include osteitis fibrosa (from secondary hyggr%grathyrmdlsm), rickets
in children, and osteomalacia or osteopenia in adults.”" '

Correction of the acidemia may reverse these changes in patients without r(?nal

failure.*® Therapy is generally less successful with advanced renal disease, since
other factors also contribute to the bone abnormalities, such as hyp%g)?orga}tlt(l)yr01d-
ism, vitamin D deficiency, and poor nutrition due to anorexia.”™ > " (The
pathophysiology of renal osteodystrophy is reviewed in Chap._ 6.) . _
. Ininfants and young children, acidemia may also be associated with a variety
of nonspecific symptoms, such as anorexia, nausea, weight loss, muscle weakness,
and listlessness.”®! The last two symptoms may result in part froll?l 11?55184 6of lean
body mass as a result of alterations in muscle protein metabolism. ™" These
changes are reversible with the restoration of acid-base balance.

TREATMENT

The specific aspects of therapy for individual disorders have been discussed in t.he
appropriate sections above. It is important, however, to review the general prin-
ciples, particularly the type, quantity, and rate of alkali replacement.

General Principles

In most clinical situations, correction of the acidemia can be achieve'd by the
administration of NaHCO;. There are, however, some exceptions to th1§ recom-
mendation, since no alkali therapy may be required in lactic or ketoaciqosm (where
metabolism of the organic anions will regenerate HCO3), and sodium anc'l/or
potassium citrate may be preferable for chronic treatment in renal tgbular acido-
sis. THAM and sodium lactate have also been used but offer no particular advan-
tage over NaHCQ,.>'1312 o .

The initial therapeutic goal in patients with severe acidemia is to'ralse the
systemic pH to about 7.20, a level at which arrhythmias _becomt? less likely and
cardiac contractility and responsiveness to catecholamines will be restored.
Attainment of this pH usually requires only a small incre.ment in the plasma
HCOj3 concentration. As an example, the following arterial blood values are
obtained from a patient with chronic diarrhea:
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Arterial pH = 7.10
Pco, =20 mmHg
[HCO3] = 6 meq/L

The level to which the plasma HCO3 concentration must be raised for the pH to
reach 7.20 can be calculated from the Henderson-Hasselbalch equation:

[HCO3]
H=610+——"22
P + 0.03Pco,
If we assume that the Pco, will remain constant, then
[HCO5]
20 = 6. — =
72 610+0.03><20

Since this equation is difficult to solve at the bedside, it is easier to express the
relationship between these parameters in nonlogarithmic terms [Eq. (19-2)]:

P
[HY] =24 x — %

, [HCO3]
Since the H* concentration is 63 nanoeq/L at a pH of 7.20 (see Table 19-1),
20
3=24 x ———
6 4 x [HCO:]

[HCO3] = 8 meq/L

This calculation slightly underestimates the initial HCO3 requirement, since the
drive to compensatory hyperventilation will diminish as the acidemia is corrected,

resulting in an elevation in the Pco,. If we assume that the Pco, will rise from 20 to
25 mmHg, then

25
63 =24 x 2 _
* [HCO;]

[HCO3] = 10 meq/L

Thus, only a small increase in the plasma HCO3 concentration is necessary to get
the patient out of danger if there is a normal respiratory compensation.

Rapid administration of HCO3 is important only in patients with severe
metabolic acidosis. In this setting, even a minimal additional reduction in the
plasma HCOj3 concentration can result in a large percentage change and therefore
can induce an immediately life-threatening degree of acidemia. For example, low-
ering the plasma HCO3 concentration from 24 to 22 meq/L in a patient with an

initial pH of 7.40 and Pco, of 40 mmHg will have only a minor effect on the pH
and H* concentration:

40
22
= 44 nanoeq/L (pH = 7.36)

[H*] = 24 x
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However, a similar 2-meq/L reduction in a patient with an initial pH of .7.11, a
plasma HCOj3 concentration of 4 meq/L, and a Pgo, of 13 mmHg will now
decrease the pH to 6.81:

13
[H'] =24 x 5

= 156 nanoeq/L (pH = 6.81)

Regardless of the initial severity, rapid correc.tion _of the pH to aboye 7..20 }tlo
7.25 not only is unnecessary but can induce potengally .1rnportant reductlsms in dt e
CSF pH and in tissue oxygen delivery. The admiplstratlon of NaHCO; will telrjl t_o
lower minute ventilation and raise the Pco,. Smc§ CQ2 crosses the blood- raklln
barrier much more rapidly than HCOj7, the brain will acutel}" sense only .t 1e
elevation in the P¢g,. Thus, the CSF pngvill be'come more acid, w1Fh pc;imb' 1el
aggravation of the neurologic symptoms.™- The increase in thg arterial p 1 wi '
also shift the hemoglobin dissociation curve to .the left, increasing the affinity o
hemoglobin for oxygen and possibly reducing tissue oxygen delivery.

Bicarbonate Deficit

The amount of HCOj3 required to correct the acidemia can be estimated from the
following formula:

HCOj3 deficit = HCO5 space x HCO3 deficit per liter (19-19)

The apparent bicarbonate space is a reflection of total body bufferin_g capacity. It
is therefore determined both by the quantity of extracellular HCO33 and by the
intracellular (proteins and phosphates) and bone (carbonate) buff(:‘:rs. It has be.:en
measured empirically by administering HCO3_2 and then observing the ensuing
elevation in the plasma HCOj concentration.” If, for example,_ 100 meq raises
the plasma HCO3 concentration by 5 meq/L, then the apparent bicarbonate space
’ 20AI;.a normal plasma HCOjJ concentration of 24 meq/L, excess H" ions are
buffered proportionately through the total body vyater, and the apparent Hggi
space is about 50 percent of lean body weigh_t (Fig. 19-8). Howeyer, the H . 3
space rises in metabolic acidosis, since the fall in th§ plasma HCOj3 con'centra ion
means that there is an ever-increasing contribution from the nonbicarbonate
buffers. Thus, the bicarbonate space is approximately 60 percent of lean body
weight in mild to moderate metabolic acidosis, but can reach 70 percent ;)g
more as the plasma HCO3 concentration falls belo3w 8 to 10 meq/L (Fig. 19-8).
The bicarbonate space can be estimated from:

Bicarbonate space = [0.4 + (2.6/PHCO3—)] x lean body weight (19-20)

It can exceed total body water or even lean body weight ir} severe metaboli((j:
acidosis, because almost all of the buffering is occurring within the cells an
bone, where there is a virtually inexhaustible supply of buffer.
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Figure 19-8 Variation in the apparent bicarbonate space according to the plasma bicarbonate
concentration. At values below 10 meg/L, most of the buffering is performed by the intracellular
and bone buffers, leading to a marked rise in the space of distribution that can exceed 70 percent of
lean body weight in severe metabolic acidosis. (From Fernandez PC, Cohen RM, Feldman GM, Kidney
Int 36:747, 1989. Reprinted by permission JSrom Kidney International.)

In the above patient with diarrhea, for example, the initial aim of therapy is to
raise the plasma HCOj3 concentration from 6 to 10 meq/L. If this patient weighed
70 kg, then

HCO;3 deficit = 0.7 x 70 x (10 — 6)
= 196 meq

Thus, 196 meq of HCO3 can be given intravenously over the first several hours. If
this is effective in raising the pH to a safe level, further HCO3 may be unnecessary,
since increased renal H' excretion will slowly regenerate the lost HCOj . Similarly,
exogenous alkali may not be required if the initial arterial pH is greater than 7.20,
the patient is asymptomatic, and the underlying process, such as diarrhea, can be
controlled.

Needless to say, these are only rough guidelines and cannot replace serial
measurements of the extracellular pH. In particular, the formula assumes a rea-
sonably accurate estimate of lean body weight and assumes that the patient is in a
steady state. If, for example, there is continuing acid production, as with severe
diarrhea, then the HCO3 requirements will increase with time.

The degree to which exogenous HCO3 will raise the plasma HCO3 concen-
tration and pH is also dependent upon when the measurements are made. As
described above, excess H' ions are buffered first in the extracellular fluid and
then in the cells. A similar sequence occurs when HCO3 is given to correct a
metabolic acidosis. Acutely, the added HCOy is limited to the vascular space,
producing a large increase in the plasma HCO3 concentration. However, this
change is attenuated as the exogenous HCOj3 equilibrates through the total extra-
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cellular fluid, which occurs within 15 min, and then equilibrates with the intracel-
lular and bone buffers, which occurs in 2 to 4 h. ' .

If, for example, we assume that the extracellular.volun.le is .15 liters and the
total HCO3 space is 49 liters in the above 70-kg patient W}th dlarr_hea, then the
rapid infusion of 100 meq of HCO3 will produce a 7—.meq/L increase in the plasma
HCOj3 concentration at 15 min, but only a 2-meq/L increase at 2to4h. fl"_hus, _the
extracellular pH will be greater if it is measured at 1§ min, before equll_lbrat;lon
with the intracellular buffers has occurred. As a result, it should be recogr.nzed t 1ellt
measurement of the pH shortly after HCO3 has been given may overestimate the
final effect of therapy. -

Plasma Potassium Concentration

K™ depletion is common in patients with metabolic? acidog.is. gssociated w1t131 gas-
trointestinal and/or renal losses of K*. Despite thlS,-. the }mtla.l plasma K co}111-
centration may be relatively normal, since metabohc. acidemia (except forﬁt. 3
organic acidosgss) causes K* to move out of the cells into the extracellular flui
9 ) ' . .
(e gasifn?;r)effect frequently occurs in diabetic ketoacidosis, in wh'1ch the com-
bination of insulin deficiency and hyperglycemia (rath.er than'amde.mla') promotes
K* movement into the extracellular fluid. Thus, patients with this dlsoider alre
commonly hyperkalemic at presentation, despi.te mpder?\te to markesi K™ deple-
tion (see Chap. 25).9 The administration of insulin will reverse tins sequen;:f,
redistributing K* into the cells and unmasking the true state of K ' balagce. hs
a result, careful monitoring of the plasma Kt concentration is essential during the
initi es of therapy. ' ‘ .
lnltléllh%hgf)tential riskI;yof treatment are more irl}medi.ate in the‘a01dem1c patllcgljf
who is already hypokalemic at presentation. In this setting, tI.lere. is a very lar_ge _
deficit, and the restoration of normal pH (or treatment w_1th insulin in filab;tlc
ketoacidosis) will further reduce the plasma K+ cqnc;ntratlon. Thus, lnltlé} t etrh
apy should consist of KCl alone (if the acidemia is n(::[ severe) or K w11
NaHCOj; with careful monitoring of the pH, the plasma K concentration, musc g
strength, and the electrocardiogram. As much as 40 meq/h of KCl may2 1736 require
to prevent life-threatening hypokalemia in some patients (see Chap. 27).

Metabolic Acidosis and Heart Failure

Sodium bicarbonate therapy is potentially dangerous in patients. with left ventlm-
cular failure, since it can lead to increasing pulmona.ry cgngesthn. Fo'rtun.ate Ys
alkali therapy is usually unnecessary when the uqderlymg dlsor_der 1s lactic ac1?051s
due to acute pulmonary edema. In this setting, improvement in pulmon'iury unc-
tion leads to spontaneous resolution S%f the acidemia as a result of HCOj3 genera-
i ; he metabolism of lactate. _ '
tlonlfllc?\l:/le\ter, specific therapy may be required i_n patients with severe ac1dem1ta
(arterial pH < 7.10 to 7.15), particularly if the patient does not have a self-correct-

19-2 A 3l-year-old man with a history of ep.

19-3 1If HCO3y therapy sufficient to normalize the
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ing organic acidosis, such as lactic or ketoacidosis, Acutely, small doses of
NaHCOj3 (45 to 90 meq) can be cautiously administered. The risk of this regimen
is relatively small, since more than one-half of the HCOj3 will enter the cells to
replenish the intracellular buffers. ! Thus, there will be much less volume expan-

sion than with an equivalent quantity of NaCl, which is restricted to the extra-
cellular fluid.

Alternatively,
the fluid overload
with severe heart

peritoneal dialysis or hemodialysis can be used to correct both
and the acidemia. The former is generally preferred in patients
disease, since it avoids the hemodynamic instability often asso-
ciated with hemodialysis. The dialysate should preferably contain HCO; as a

source of alkali rather than lactate or acetate, which may not be normally meta-
bolized in severe heart failure.?!3

PROBLEMS

19-1 The following laboratory tests
to either one?

are obtained from two patients. Would you administer NaHCO,
(@) Plasma [Na*] = 140 meq/L
K*1=42 meq/L
[CI"] = 114 meq/L
[HCO3] = 16 meq/L

(b) Plasma [Na*] = 140 meq/L
[K*)1=4.7 meq/L
[CI"] = 122 meq/L
[HCO3] = 7 meq/L
Arterial pH = 7.32
Pco, = 14 mmHg

ilepsy has a grand mal scizure. Laboratory tests taken
immediately after the seizure has stopped reveal

Arterial pH = 7.14
Pco, =45 mmHg
Plasma [Na*] = 140 meq/L
K*1=4.0 meq/L
[CI"] = 98 meq/L
[HCO31= 17 meq/L

(a) What is the acid-base disturbance?
(b) Does the patient need NaHCO,?

(c) What will happen to his plasma K* concentration as the acidemia is corrected?

plasma HCOj concentration is suddenly stopped,
match the subsequent course with the type of RTA:

{a) Type 1 RTA in adults (minimum urine pH = 6.5)
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(b) Type 1 RTA in infants (minimum urine pH = 7.2) Arterial pH = 7.38
(c) Type 2 RTA
1. Rapid fall in plasma HCOj concentration, which stabilizes at 16 meq/L
2. Rapid decrease in plasma HCOj3 concentration, which fz.llls below 10 meq/L
3. Slowly progressive decrease in plasma HCO3 concentration to less than 10 meq/L
If the plasma HCOj3 concentration is raised to 22 meg/L with exogenous NaHCOs;, how would you
distinguish among these three disorders?

19-4 Match the laboratory findings with the appropriate cause of a normal anion gap metabolic
acidosis. The units in the table are meq/L.

Pco, =28 mmHg
{HCO3] = 16 meq/L

In view of the improvement in the pH, no further HCOy is given. However, on the next day, blood tests
showed:

Arterial pH = 7.28
Pep, =26 mmHg
[HCO3] = 12 meq/L

[Na't] [K*] [C17] [HCO51 Urine pH  Urine anion gap (b) What factors might have been responsible for this reduction in the arterial pH?
1. 140 2.9 115 14 6.4 —45
. 137 53 113 17 52 +18
3 139 3.1 120 11 6.1 +23 REFERENCES

(a) Hypoaldosteronism (type 4 RTA)
(b) Diarrhea due to laxative abuse
(¢) Type 1 RTA

19-5 A 58-year-old man with a history of chronic bronchitis de\{elops severe .diarrhea .caused
by pseudomembranous colitis. It is noted that the volume of diarrheal fluid is approximately
1L/h. Results of the initial laboratory tests are

Plasma [Na*] = 138 meq/L
[K*] = 3.8 meq/L
[CI"] = 115 meq/L
[HCO3] =9 meq/L
Arterial pH = 6.97
Pco, = 40 mmHg
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(a) What is the acid-base disorder? ~

(b) Assuming thal the Pcg, remains at 40 mmHg, to what level does the plasma HCO3 con-
centration have to be raised to increase the pH to 7.207 _ ‘ "

(¢) How much HCOj would be required to raise the plasma HCO3 concentration to the desire

(a) Why does metabolic acidosis develop in renal failure? B .
Thirty minutes after the administration of 88 meq of HCOj, repeat blood lests reveal the
following:
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. Arieff Al, Carroll HJ. Nonketotic hyperosmolar coma with hyperglycemia: Clinical features,
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